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INTRODUCTION 
I 

The United States currently utilizes a rather small family of launch 
vehicles (boosters) to support a 1 !ried spectrum of satellite and spacecraft 

programs [I]. 
accomnodate a wide range of payload configurations. 

interfaces with the launch vehicle at a limited subset of candidate structural 

"hard" points at the payload launch vehicle separation plane. 

example in the series is the STS (Space Transportation System). 

These launch vehicles have been carefully designed to 

In general, the payload 

The latest 

It is important that any candidate payload be designed to withstand the 
load ?nvironment transmitted to the payload from within the shielded payload 

compartment. Such environments commonly originate from a static (steady 

state) vehicle acceleration, a transient or dynamic event such as rocket motor 

ignition, or an acoustical environment. Very often, it is the transient 

dynamic response behavior of the payload that constitutes payload design load 

profiles; hence, it is important that proper attention be given to the payload 

transient response characteristics as influencing major design decisions. 

an example, let us consider the lznding of the orbiter (= a delta-wing- 

airplane-like module) carrying a certain payload. Obviously, when the orbiter 

touches the ground it will experience reaction forces. These forces will be 

transmitted to the payload through the interface (i.e. through the connection 

points between the orbiter and its payload). The payload ?'-??-I, will undergo 

elastic displacements. 

those displacements without being damaged? The answer to this question 

requires a dynamic analysis of the booster/payload system as we shall see in 

subsequent sections. 

displacements in the payload due ta the known reaction forces on the orbiter. 

These displacements can then be used to calculate the internal forces in the 
different members of the payload which in turn leads to the calculation of 

stresses and strains in those members. Finallv, these stresses and strains 

enable the payload designer to determine whether or not the members will be 

damaged during the landing event. 

As 

The question is, will the payload be able to withstand 

This dynamic analysis will yield the elastic 



G r e s e n t  analytical techniques by which such design lDads are predicted are 
very costly and time consuming2 A typical L-id cycle (as the above nentioned 

process is called) generally requires: 

1. 

2. 

3. 

4. 

5 .  

6 .  

Generation of a payload model; 

Calculation of the modal characteristics fJf  the payload restrained at 

the interface; 

Formation of a. transformation to couple the payload to the booster 

intFrf ace; 

Coupling of the payload to the booster and calculation of the system 

modal characteristics; 

Calculation of the time response of rhe system to the specified 

forces ; 

Use of the time response results to calculate loads. 

The calendar turnarouircl time of a given cycle usually is lengthened when 

the payload design orzmization, the booster organization and the payload 

integration organization are different companies. The reason for this is that 

a fair amount af coordination is necessary to make the transfer of information 

between those three organizations optimal. Unfortuaately, this coordination 

is very difficult to establish resulting in considerable time delays. 

Moreover, these costs and delays repeat themselves for every load cycle (i.e., 

every time a change is made in the booster or payload). 

the development of the Viking Orbiter System [2]. 

organizations were responsible for hardware or integration functions which 

directly affected the evaluation of dynamic transient loads. The number of 

interfaces between those organizations resulted in difficulties in arranging 

A typical example is 
trpward of nine 

for the necessary analyses at each organization, iv obtaining the necessary 
data, in establishing priorities, in establishing output requirements, and in 

correctly transferring data hetween organizations. The time duration for one 
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load cyc le  ranged from t h r e e  t o  twelve months which depended on t h e  number of 

eventc,  f o r c i n g  func t ions  p e r  event,  and complexi t ias  of the  a n a l y s i s .  Of  

course,  i f  the  boos te r  a l r eady  has i t s  f i n a l  design,  many of t hese  problems 

can b e  avoided. 

payload Organization would be necessary.  

T h e o r e t i c a l l y ,  only one t r a n s f e r  cf boos te r  d a t a  t o  the 

It i s  c l e a r  t h a t  the need ex . i s t s  f o r  a so-ca l led  "shor'c-cut" methodology 

i n  t h i s  area. A "short-cut" method should meet t h r e e  e s s e n t i a l  requirements.  

1. 

2. 

3 .  

It should t ake  advantage of the f a c t  t h a t  the  boos te r  s t a y s  the  same from 

one design cyc le  t o  the next  o r  from oue f l i g h t  t o  the  next .  The payload 

i n t e g r a t o r  should be a b l e  t o  reuse s e v e r a l  p rev ious ly  c a l c u l a t e d  boos te r  

q u a n t i t i e s  (e.g. mass and s t i f f n e s s  m a t r i c e s ,  modes e t c . )  

The "short-cut" method should avoid a s  much a s  p o s s i b l e  the  t r a n s f e r  of 

in format ion  between d i f f e r e n t  o r g a n i z a t i o n s  involved i n  the  load 

a n a l y s i s .  I d e a l l y ,  the payload o rgan iza t ion  should be a b l e  t o  e s t i m a t e  

design loads t o  support  t h e i r  des ign  a c t i v i t i e s  without having t o  r e l y  on 

o t h e r  o rgan iza t ions .  A one-time t r a n s f e r  of boos t e r  in format ion  should 

s u f f i c e  if the payload i n t e g r a t i o n  o rgan iza t ion  is the same as the payload 

o rgan iza t ion  [2]. 

A "short-cut" method should be cos t - e f f ec t ive .  For example, it s e e m  

reasonable t h a t  no complete cyc le  ( i . e .  i t e m  1-6 on previous  page) i s  

necessary i f  only small changes a r e  made i n  the payload. 

s i t u a t i o n  e x i s t s  i n  the assessment of STS payload des ign  loads.  Although 

many of these payloads w i l l  be designed f o r  m u l t i p l e  f l i g h t s  with moderate 

changes, s t a t e  of the a r t  dynamic loads  p r e d i c t i o n  technology does not 

provide a way t o  avoid complete r e a n a l y s i s  of the  boos te r lpayload  system 

A s i m i l a r  

The o b j e c t  of t h i s  c o n t r a c t  then is, t o  develop and implement such a 

"short-cut" methodology. 

the con t r ac t .  Chapter I p r e s e n t s  the s tandard techniques  used t o  analyze a 

payloed/booster system. They a r e  " f u l l - s c a l e "  methods i n  the sense t h a t  they 

The p r e s e n t  Assessment Report covers  Study Task I of 

3 



all require the solution of the coupled equations of motion of the 

booscer/payload system. Chapter I1 identifies several "short-cut" 

methodologies. These already existing techniques do not require the solution 

of the coupled system equations. 

these methods is discussed. Chapter I11 covers the "favored" methods 

accompanied by recornendations for further development, refinement and 

demonstrations. We also included the outline of a new approach. 

The potentials and shortcomings of each of 

I 

4 



C W T E R  I: STANDARD TECHNIQUES 

1. INTRODUCTION 

The o b j e c t i v e  of t h i s  f i r s t  chapter  is t o  i d e n t i f y  and assess the  most 

prominent s tandard techniques c u r r e n t l y  a v a i l a b l e .  This  w i l l  a l low t h e  

in t roduc t ion  of t he  necessary  background informat ion  i n  terms of a u n i f i e d  

nomenclature. It w i l l  a l s o  provide us wi th  t h e  s ta te -of - the-ar t  f u l l - s c a l e  

methodology. Such a method i s  necessary  f o r  comparison purposes.  Also, some 

of the  f e a t u r e s  of t hese  methods may be  incorpor ted  i n t o  some of the shor t -cu t  

methods. 

the  requirements  of an accep tab le  shor t -cu t  methodology. 

d e a l s  with the  equa t ions  o f  motion i n  t h e  d i s c r e t e  t i m e  domain. 

This  chapter  w i l l  g i v e  us  the  oppor tuni ty  t o  more c l e a r l y  i d e n t i f y  

Tine f i r s t  s e c t i o n  

2. THE EQUATIONS OF MOTION IN TIIE DISCRETE TIME DOMAIN [ 3 , 4 ]  

The o b j e c t i v e  of t h i s  s e c t i o n  is t h e  d e r i v a t i o n  of t h e  e w a t i o n s  of motion 

of t he  booster /payload system. 

boos te r  B and the  payload P. 

each o t h e r  through t h e  i n t e r f a c e .  

of s t r u c t u r a l  "hard" p o i n t s  which the  boos te r  and t h e  payload have i n  common. 

Mathematically,  t h i s  means t h a t  t h e  gene ra l i zed  displacement  bec to r  { 
boos te r  s i d e  of t h e  i n t e r f a c e  must b e  equa l  t o  i t s  equ iva len t  {XI' } on t h e  payload 

s ide .  Hence 

F igure  1 shows t h e  f r e e  body diagrams of t h e  

The boos ter  and t h e  payload a r e  connected t o  

P h y s i c a l l y ,  t h e  i n t e r f a c e  i s  the  c o l l e c t i o n  

} on t h e  

{ x; ) = { x; } , f o r  - a l l  t i m e s  t 

5 



Figure 1 Free-Body Diagrams of Booster B and Pl *load P 
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Similarly, the generalized reaction vectors R and R at the interface s a t i s f y ,  {3 
, for. times t 

{R;} = - {R:} 

From the free body diagrams in Figure 1 we cen easilv write the equations 

0 of motion for the booster B and the payload P as, 

B X 

0 
( 3 )  

where represents the generalized displacement vector of B. This vector 

can be partitioned according to non-interface displacements 

{x;} ' interface displacements 

Similarly for P, 
\ 

---- 
P 
I X 

__- - - 

(5) 

The mass matrix [%] and the stiffness matrix [KB] of the booster B can 
- -  

also be partitioned in the same manner, 

Similarly for P, 

B I  B 
K I N  1 KII 
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F i n a l l y ,  t h e  v e c t o r  { FB} r e p r e s e n t s  the  e x t e r n a l l y  app l i ed  f o r c e s  on the 

boooter  B and can be w r i t t e n  a s  

S imi l a r ly  for P, 

Using Eqs. (41, ( 5 1 ,  (8 )  and ( 9 )  we can r e w r i t e  Eq. ( 3 )  as fol lows,  

Both equat ions  (3)  and (10)  r ep resen t  the  equat ions  of motion of t h e  

undamped boos te r  B and the undamped payload P. I n  o rde r  t o  de r ive  the 

equat ions  of motion f o r  the coupled system ( i . e .  boanter /payload  system) , w e  

need t o  e l imina te  the a priori unknown r e a c t i o n s  {It: } and { R: } . We s h a l l  

now e s t a b l i s h  a convenient and p h y s i c a l l y  meaningful way t o  accomplish t h i e  

e l imina t ion .  To t h i s  end, l e t  u8 so lve  the t h i r d  p a r t i t i o n  of Eq. (10) f o r  

the non- in te r face  displacement v e c t o r  {{}of t h e  payload P. 

It i a  now noted t h a t  the  non- in te r face  displacement v e c t o r  { i } c o n s i s t s  of 

two p a r t s .  To understand the phys ica l  meaning of t hese  two terms l e t  u s  

assume t h a t  the  i r r terface displacements are ze ro  i . e .  {x:] = {  0). I n  t h a t  

case i t  fol lows from Eq. (11)  t h a t  thz second term on the  right-hand s i d e  can 

be i n t e r p r e t e d  as the  non- in te r face  displacement of the  payload with r e s p e c t  

to the i n t e r f a c e .  Let us denote t h i s  team by {%).It i s  then c l e a r  t h a t  t h e  

f i r s t  term on the right-hand s i d e  of Eq. (11) r e p r e s e n t s  t h t  nun- in te r face  

8 



OR]Grp:t,L p;Lk:{ :j 
OF POOR QLlALIn 

dieplacernent of the payload due t o  the displacement {x:) of t h e  i n t e r f a c e  
only. Therefore ,  Eq. C l l j  can be w r i t t e n  as 

with 

[SP] = - [&I (13) 

Equations (12-13) a r e  now used t o  e s t a b l i s h  t h e  fo l  lowing t r ans fo rma t ion ,  

where we used Sqs. (41, (51,  (11, (12) and (13) .  This t r ans fo rma t ion  w i l l  

e l imina te  the redundant set of displacements(x:}in Eq. (10) and i n  the  

process it w i l l  a l s o  e l k i n a t e  the  unknown r e a c t i o n a  {lt:}ane(g: }. F i r s t ,  l e t  

US in t roduce  a more convenient n o t a t i o n ,  

with 

I 01 0 

0 1 ;  0 
I 
I 

I 
I 

TP i IP 
I 
I 

r 1 

(15) 

= A  

9 



ORiGINAL PLGf is 
O f  POOR QUALITY 

i 
With t h i s  notat ion we new s u b s t i t u t e  the  t ransiormation Eq. ( 1 4 )  i n t o  Zq. 

' T  (10) and premultiply by P, (T transpose).  This  y i e l d s  the following r e s u l t ,  

( 1 7 )  

A t  t l t i s  point  a few remarks a r e  in order.  F i r s t ,  we s h a l l  show t h a t  t h e  

Secondly, the  t r i p l e  matrix product 

(20) 0 

w i l l  be zero fo r  a s t a t i z a l l y  determinate interface.  ll-12 i n t e r f a c e  is 

ca l led  s t a t i c a l l y  detcrminate when the number of i n t c r f a c e  degrees  of freedom 

i e  equal to th2 rumbet of r i g i d  b&y degrees of Ercedom of the  s t r u c t u r e  i i t  

hand. Otherwise, the  in t e r f ace  i s  ce l l ed  s t a t i c a l l y  indeterminate.  To show 

t ha t  PIN] ["p] + 
i n  Eq. (20)  is zero  f o r  a s t a t i c a l l y  de te rmimtr*  

interface - l e t  us f i r s t  Atate tha t  the numerical va lues  of the elements of 

t h i s  matr ix  a r e  independent of the  dynamical s ta te  of the s t ruc tu re .  More 

10 



specifically, because the stiffness matrix [%] is the same fur P at rest 
or in motion, we can assume that the structare is in a state of static 
equilibrium without changing 
of generality we consider the equilibrium equation of P under the action of 

[ K ~ ~ ]  ['p] + [ K ~ ~ ] -  Therefore, withcut loss 

IF:} with (F;}= {F;) = {FE) = {o), 

[%I ("P} = 1 (21) 

I RI 
or, using the partitioned form of [%,I Eq. ( 7 ) ,  we can write 

[ G N ]  131 + [GI] 

[K:N! ixi 1 + [KfI] 1'; 
= 1'1 

= 1 
From Eq. (22) we can solve for \ P 

I X N \  

= - [$N]-' [{I] I = ['PI 1'; I 
where WE used Eq. (13). Substituting Eq. ( 2 4 )  into Eq. ( 2 3 )  yieldsl 

( 2 2 )  

( 2 3 )  

( 2 4 )  

At this point we should note that when the interface i s  statically 
determinate no stresses can be set up in P by the interface displacements 1 X: /.Indeed, for a statically determinate interface the matrix 
becomes a rigid body transformation, transforming the interface displacements 
into equivalent rigid body displacemnts of the non-interface degrees of 
freedom of P. Because, in addition we nHsumed thnL 110 oL1ic.r torrev urc- i i c L i n g  

on P, it i s  clear that is zero in Eq. ( 2 5 1 ,  from which it €allows that 

[ "I 



This completes the proof. 

F ina l ly ,  w e  note t h a t  i n  

the ex te rna l ly  appl ied fo rces  

example, STS payloads w i l l  be 

exposed t o  e x t e r n a l  forces .  Therefore, w e  write 

Taking i n t o  account Eqs. (19) and (27) w e  can now write the f i n a l  form of 

Eq. (17). 

i n  which 

ized displaccrnent vector of thc Crcc hoostcr I \ .  l l i c -  

the i n t e r f a c e  degrees of freedom. Purthermcre, t h e  

the non-interface displacements of t he  payload P with 

conta ins  a1 1 non-interface displacements O F  the booster 

respect  t o  the in t e r f ace .  The ma t i i ce s  [Ms] and [%I represent  the mass 

matrices O F  the booster and t h e  payload respect ively and 

represent the s t i f f n e s s  matr ices .  The mat r ix  [Tp] i s  a transformation 

matrix,  c h a r a c t e r i s t i c  f o r  the payload P. 

i n t e r f a c e ,  [Tp] represents  a r i g i d  body transformation. F ina l ly ,  

I n  case of a s t a t i c a l l y  determinate 

F i  I i s  

12 



t he  ex te rna l ly  appl ied  force  vec tor  a c t i n 8  on t h e  boos te r  B. 
matrices con t r ibu te  only t o  

t h e  i n t e r f a c e  degrees o t  freedom as can be seen trom Eq. ( 2 0 )  and from 

The 

[TEjT [%I [TP] and p p l l '  [q P P I  

e s s e n t i a l l y  r ep resen t s  the payload mass kp]T [$] c.p! r ep resen t s  t h e  

The matrix 

t r ans fe r r ed  t o  the  in t e r f ace .  S imi la r ly ,  

payload s t i f f n e s s  t r ans fe r r ed  to the  in t e r f ace .  Note t h a t  when the  i n t e r f a c e  

is s t a t i c a l l y  determinate no s t i f f n e s s  is  t r ans fe r r ed  (Eq. ( 2 6 ) ) .  When t h e  

i n t e r f a c e  is s t a t i c a l l y  indeterminate the re  are what i s  commonly c a l l e d  

II cons t r a in t  modes" [SI, i.e. t he  i n t e r f a c e  displacements \x: 1 not  only 

induce r i g i d  body displacements i n  the payload b u t  also s t r a i n s .  These 

s t r a i n s  cause the  t r i p l e  product 

zero. 
[Tp]" [Kp] [Tp] 

t o  be d i f f e r e n t  from 

As s t a t e d  i n  the  In t rcduct ion ,  t he  ob jec t ive  of t h i s  study i s  to  determine 

design loads f o r  the  payload e t ruc tu re .  These design loads are then usvd t o  

calculate stresses and s t r a i n s  t h a t  would e x i s t  i n  the  s t r u c t u r a l  eloluents 

t h a t  make up the  payload. The stresses and s t r a i n s  allow the  des igner  t o  

determin 

RtjFfness, lengths ,  cross sec t ions ,  c t c . )  so t ha t  the  etri ictrire does not f a i l  

the  c o r r e c t  physical  and geometric p rope r t i e s  of  t h e  elements (mass, 

13 



when subjected to the external forces [Fi] . An element loads equation is 
written as  

(31 1 

i7 which FE \ is the load vector of an individual element e of the payload 
P, [ke] is the stiffness matrix of the element, and [',I is the geometric 

compatibility transformation. The vector 
displacement vector of the payload satisfying Eq. (28). Consequently, in 

order to determine 

is the time dependent 14 
in Eq. (31) we need to solve Eq. (28) .  IF: t 

The most straightforward approach to determine ( 5 )  is to solve Eq. ( 2 8 )  as 

a set of skultaneous second order differential equations. 

we1 1 established response routines that handle such problem (Runge-Kutta, 
Newmark-Ch-:a-Beta Numerical Integration, etc.). This :rect approach has the 

,idvantage of simpiicity and accuracy. 
computational cost due to the large number of degrees of freedom used to 

describe today's aerospace models. Furthe--re, this method does not take 
advantage of the fact that often only Faall changes are made in the payload. 

€I-rwever, thic: method is still useful in the context of this study because it 
provides -a with reliable results that can be used for comparison purposes 

with other methods to be discussed shortly. 

There are several 

The obvious drawback is the high 

In t c i s  se:tion we shall discuss a technique coamonly kno-,n as modi 1 
analysis l , . i s  approach will lead us to an alternate solu'.ion method f m  Eq. 

(283 - 7 1  ue shall show that it has some definite advanedges over the direct 

sa1 tion of the set of differential equations (28) ds discussed in Section 3 .  

We start the process with the homogeneous set of equations extracted from 

th$* top row oC kq. (31 ,  

14 



Associated with this eqution is an eigenvalue problem, 

where -he vectw{ aH) represents an eigenvector (mode shape) and uB an 
eigenvaIuc (natural frequency). Tlic solution of this eigenvalue prohlem 
essentially producen a linear transfcrmation marix [ O l i 1  (modal transformnLion 
matr ix )  i u  wtiicti ~VN:II coiuinii rcprcecntn n mod{! Htiapc 01 t w o H t 4 - r  1%. ' 1 ' 1 ~ -  

main property of this modal transformation is that in the new normal 

coordinate system { q ~ )  , the equations of motion (31) become uncoupled, i.e. 
if we apply the transformation, 

to Eq. (311, and 

(33) 

The obvious advantage of applying the modal transformation Eq. (33) is 

that Eq. (36) now represents a set of decoupled independent second order 

differential equations that are easily solved. The price to pay however, is 

the solution of eigenvalue problem (32). There are many well established 

eigenvalue problem "solvers" availabie (Jacobi, Rayleigh-Ritzy etc. [SI. 

The next step is to conoider the homogenous equation, 
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So that Eq. (37) becomes 

In the same wav as we did for Eq. (31)  we can introduce a modal 
transformation, 

(41 1 
where we wrote ri;l instead of[G;'J to simplify the notation. The modal 

and w2 

(i.e. fixed interface) on its diagonal. Using Eqs. (40-411, we can write Eq. 
(39)  as 

has a8 columns the "cantilevered" mode shapes of the payload P, 
has the natural frequencies squared of the cantilevered payload 

metrix c. \"I 
(42 

Let us now apply the following transformation to Eq. (281, 

= [-"?t,j I;;-] ( 4 3  1 

i 'N 
T 

and premultiply hy Taking into account Eqs. (35) 

and (41) we obtain, 
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Squation ( 4 4 )  as i t  is ,  probably does not yield,  any advantage over a 

!irect so lu t ion  of Eq. (28). However, i n  most p r g c t i c a l  app l i ca t ions  the re  is 

a p o s s i b i l i t y  of def ining a so-called "cut-off frequency". 

Fourier series expansion of the force vec to r  \ shows t h a t  the energy 

content of the high frequency components is  small  compared to  t h e  energy 

contained i n  the low frequency components. P r a c t i c a l l y ,  t h i s  means t h a t  the 

' r R  can response of the s t r u c t u r e  due to  the high frequency contt,nt of  

o f t e n  be neglected. In  t h i s  connection it  should b e  noted tha t  i t  is 

r e l a t i v e l y  d i f f i c u l t  t o  e x c i t e  the higher modes of the s t r u c t u r e  t o  any l a rge  

ex ten t ,  e spec ia l ly  when 

app l i ca t ion  p c i n t s ) .  

t h a t  have a frequency smaller  than the cut-off frequency. This i n  t u r n ,  

reduces the s i z e  of Eq. (44) considerably.  Experience has shown t h a t  the 

introduct ion of a cut-off frequency i s  a workable concept. 

In  these cases  a 

I N  

only contains  a few elements ( i . e .  only a few IF:\ The idea then i s  to  only r e t a i n  these modes i n  Eq. ( 4 4 )  

In conclusion, we can say t h a t  the introduct ion of a cut-off frequency 

l eads  t o  a reduction of the  size of Eq. ( 4 4 ) .  Nevertheless,  the s o l u t i o n  of 

Eq. ( 4 4 )  f o r  the modal displacement vector  is  s t i l l  c o s t l y  and again does not 

accomodate the spec ia l  circumstances of small changes in t h e  payload. A more 

se r ious  problem however, is the r ep resen ta t ion  of the i n t e r f a c e  i n  a model 

where a cut-off frequency i s  used. 

po r t ion  of the response i s  l o s t  i n  the high frequency range due t o  the f a c t  

t h a t  the e f f e c t  of t h e  payload on the booster has a s i g n i f i c a n t  high frcqucricy 

content.  As w i l l  be shown i n  next s ec t ion  a need a r i s e s  t o  improve the 

i n t e r f a c e  representat ion in the model f o r  the booster.  In  sec t ions  5 and 6 we 

s h a l l  discuss  two methods t h a t  accomplish t h i s .  

Indeed, i n  many cases  a s i g n i f i c a n t  
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ORIGINAL PAS 1s 
OF POOR QUALITY 

5 .  THE RESIDUAL MASS AND STIFFNESS METHOD [8, 9 ,  10, 11-50, 511 

As explained i n  Sect ion 4 .  in many cases i t  is  poss ib l e  t o  de f ine  a 

cut-off frequency which enables us t o  t runcate  the high modes i n  Eq. ( 4 4 )  

thereby reducing the s i z e  of t h i s  equation. Obviously, some accuracy i n  t he  

response of the s t r u c t u r e  i s  l o s t  due t o  the t runcat ion of these high modes. 

This l o s s  of accuracy i s  e spec ia l ly  a p p a r e n t  a t  the i n t e r f a c e  as w e  slioll 

explain shor t ly .  The r e R i d u n l  mass and s t i f f n e s s  method, instead of oini  t t i n g  

these high modtbs will replace t h e m  w i t l i  u s e t  o l  ''rceiiduul ~itodc~s". 'l'lii- 

computation of these r e s idua l  modes does not r equ i r e  any knowledge of t he  

payload so t ha t  they represent  a one-time computation e f f o r t  not t o  be 

repeated a s  long as the booster s t a y s  the same. In  order  t o  determine the  

r e s idua l  modes l e t  us consider Eq. ( 3 3 )  

which represents  the modal transformation fo r  the booster  B. Assuming a 

cut-off frequency was determined we  can p a r t i t i o n  Eq. ( 4 6 )  as follows 

where [ " c ]  reprewenta t h e  niodee wi til I rcqrienc 

frequency and [I$:] those with higher frequcnc 

neglect and c a l c u l a t e  the response as a 

e4 1 e N H  thtlll tilt! C U L - O l  I 

es. A t  t h i s  point one could 

inea r  combinarion of t he  lower 

rnodFs [+k ja only. Usually t h i s  y i e l d s  a poor accuracy i n  the response and the 

loads.  The reason is t h a t  i n  most p r a c t i c a l  cases  a s i g n i f i c a n t  p a r t  of  t he  

in t e r f ace  response is produced Ly the higher modes. Indeed, a t yp ica l  

i n t e r f a c e  is r a the r  s t i f f  and has l i t t l e  mass, i.e. t h a t  l o c a l l y  the i n t e r f a c e  

has a high frequency content 80 t h a t  i t  responds s i g n i f i c a n t l y  i n  the high 

frequency range. In  t runcat ing the higher  modes the model does not include an 

adequate representat ion of t h a t  i n t e r f ace .  The r e s i d u s l  mass and s t i f f n e - 6  

method now, i ) t - o p o s c . c ;  L r )  rc.L.1 111 tlic. $;-L~IL-~.c cwiitri1)iil loll l o  tlic, rc*spoiiso o r  I I I O : : ~  
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ORIGINAL PACE 1s 
OF POOR QUALW 

high modes. 
static contribution can be obtained from the following static equation 

This leads to a much better representation of the interface. The 

derived from Eq. ( 3 ) .  

by [OBIT and recalling Eq. (351, yields 
Substituting Eq. ( 4 6 )  into Eq. ( 4 8 )  premultiplying 

€&I = [q (49  1 

Because we are only interested in the high frequency part, let us write 
Eq. ( 4 9 )  as 

(51 )  

and interface partitione, 

(52 )  

Substituting Eq. ( 5 2 )  into Eq. (51) we obtain, 

In principal we can use Eq. (51)  as it is and solve for 

(53 )  
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which can be subs t i t u t ed  i n  Eq. (47), y ie ld ing  

(55)  

However, i t  should be noted t h a t  fo r  every force  component we k v e p ,  we add 

{ F ~ '  conta ins  many a degree-cf-freedom t o  the problem. I f  f o r  example, 

elements ( i . e .  many po in t s  of app l i ca t ion )  i t  may not pay off t o  use Eq.(55),  

i.e. w e  may as w e l l  keep a l l  the  modes i n  Eq. ( 4 6 ) .  I f  however (Fi} 
conta ins  a small number of elements ( f o r  example, i n  case  of  I landing or a 

rocket  motor i gn i t i on )  we  can use Eq. (55) a s  i t  is, and obta in  a much b e t t e r  

rcsponsc for  few added degrees of freedom. However, because tlie cut-ol f 

frequency was defined i n  such a way t h a t  a l l  s i g n i f i c a n t  f requencies  of 

a r e  contained i n  tbe  lower frequency range L,  w e  can s ta te  t h a t  the  booster  

model w i l l  adequately respond t o  { F:} and no s i g n i f i c a n t  por t ion  of the 

rrrrponnr. w i l l  h c  l a a t .  Thvrcforr,  wt. (HI)  4 ) r n i t  thv I ~ * I I I I  iii {I;:} i n  1 7 q .  ( 5 1 )  

~ I L c ~ # ( ~ t l i c r  arid j u H t  k w p  tlir intc>rtc ic .r .  p a r t  i n  {I{',' 1 . *rilt- 1attt.t p a r t  

in {I(:) is importarit because { 
frequency content ( a f t e r  a l l  

the  booster  and as  such conta ins  a wide range of f requencies) .  

i n t e r f a c e  usua l ly  has  a high frequency content  ( a s  explained before)  

w i l l  induce a response a t  t h e  i n t e r f a c e  primarily i n  the  high frequency range 

which i n  turn  w i l l  be, t ransmi t ted  t o  the  rest of t he  booster .  

N I  

{ v i }  

will usual ly  t iovr  a s ign i f i cnn t  Iiigli 

reprerrents the e f f e c t  of the  payload on 

Because the {R: 1 
(R: 1 

On the  other  hand i f  (F:} contains  reac t ion  elements due t o  some 

ex te rna l  c o n t s t r a i n t s  (e.g. a dock) w e  wish t o  r e t a i n  these elements a s  well 

because they a re  equivalent  t o  elements of f R;} i n  the sense t h a t  they 

represent  the unknown e f f e c t s  of the cons t r a in t s  and a l so ,  the interfacts 

between the cons t i a in t  and the  booster  usua l ly  has  n high  frequency content  

(e.g.  connections between booster  and dock). 

20 
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{q: 1 Ignoring the term in {F:} in Eq. (53 )  and solving for 

which can be substituted into Eq. ( 4 7 1 ,  yielding 

yie I d s  

(56 1 

( 5 7 )  

-2 'I'  
Thc! term [I1);: [lb!,] represer.ts the residual modes and they  

rc-l'lacc [ 
which makes i t  il one-time computational (.[fort. 

. A l ~ o ,  notv that t l i r ~ ( >  modes o n l y  i n v o l v e  hoc. t e r  qurriiLi t i t a s  

Let us now derive the modally coupled equations of motion for the 
booster/payload syotem. First, we substitute Eq. ( 5 7 )  into the top row of Eq. 

residual mass residual flexibility 

( 5 8 )  

Before equation extracted from 

( 5 9 1  

and solve the following eigenvalue problem 

( -ui [':I] rU?"3 [':IT -+ [0:1] 
leading to the modal transfornation, 

[OHRI]T)  1 4 ~  I = [(I 1 (60) 
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We shall make use of these properties in deriving the nodally couple j  

equations of motion of the booster/payload system. 

Eq. (281, 

To this end let us write 

Let us now introduce the follDwing notations 

SO that, combining Eqs. ( 5 7 1 ,  ( 6 1 )  and ( 6 4 )  we can write, 

{ X B >  = ['B] ( q B }  

We ncu define a transformation similar to Eq. ( 4 3 )  

( 6 5  1 

( 6 6  1 

where this time (98) and kB] are given by Eq. ( 6 4 )  

22 
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Applying this transformation to Eq. ( 6 3 ) '  and premultiplying by 
yie I d s ,  

so tha; Eq. (67 )  becomes 

23 



The ror idual  mass end a t  i f f n e r s  tacbaique e r s e n t i e l l y  improvcs the  

i n t e r f a c e  r ep re ran ta t ion  i n  the  model where tlrc model i s  subjected t o  o 

f requctrcy cut-o f f .  

The r e s u l t  Sq.(S7) can then he used i n  any t y p e  of modal synthesis tec!wiquv 

such a#  r a a u l t  1sq. (70). Due t o  t h i s  interface improvement i t  is now pox:aiblv  

tu t runcate  the high hoostvr modes whi It! s t  i 11 obtaining :in x c e p t a h l r  

accuracy,  As ut s h a l l  d i scuss  i n  s e c t i o n  9,  the rc*Ridu:lI muss and s t i f l iwss  

method +urn8 out  t o  be tile moot e f f i c i e n t  full-tacale mt*tliod curretit l y  

availatic i n  tke l i  teratiirt-. 

Another way of improving the  i n t e r f a c e  representa t ion  i n  t h e  booster  m d z 1  

subject  t o  frequency cut-off is given by a technique developed by H r d a  and 

Benficld and is based on Eq. (281 which we repeat here for convcnicncz, 

rnr tc rd  of solving eigenvalue prohlcm (32) Hruda and H e n l i c b l d  ptc)pos*' t o  

t101ve the €01 lowing eigenvalue problem, 

y ie ld ing  the  modal Lrensformation 



Again, t he  modal t ransformations (40) and (73) can be combined i n  

( 7 4 )  

Subs t i t u t ing  Eq. ( 7 4 )  i n t o  Eq. (71) and premult iplying by 

y i e lds ,  

where we used t h e  p rope r t i e s  

Equation (75 )  now rep laces  Eq. (44). The main d i f f e rence  l ies  i n  the  f a c t  

t h a t  i n  so lv ing  eigenva booster  i n t e r f a c e  is  mass and 

s t i f f n e s s  loaded by respec t ive ly ;  i.e. t he  booster 

so, the  nev modes w i l l  include a good 

cf the payload. I n  doing 

reduce the  number of 

booster  modes in Eq. ( 7 5 )  according t o  the  predetermined cut-off frequency. 

The disadvantage of t h i s  method i.n connection with the  present  s tudy i.s chat  

eigenvalue problem ( 7 2 )  is  dependent 01: the  payload. This means t h a t  fc.r 

every change i n  the payload w e  must solve t n i s  eigenvalue problem again 

although the booster  does not change. This  makes the Hrudu/Benfield techniqiir- 

less s u i t a b l e  fo r  our  purposes. However, i f  the  changes i n  P o r e  small, W V  

can use the o ld  booster  modes a s  a f i r s t  es t imate  t o  c a l c u l a t e  tha. IWW booetcr 

modes in a Raleigh-Ritz type eigenvalue problem solver .  



7.  THE COUPLED BASE HOTION TECHNIQUE [ 5 4 , 5 5 , 5 6 , 5 7 ]  

The coupled base motim rechnique as presented in this section does not 

yield any inmediate advsntages over the methods presented I n  previous 
sections. However, it can be uaed as a starting point for possible short-cut 
methods (These possibilities will be investigated in Chapter 11). In 
addition, this &ecti.on will give us the opportunity to develop an a1 ternnt i v e  

set of equations for Eq. (4). Indeed, we shall not only use "cantilevered" 

displacements for the payload P but also for the booster B, while only the 
interface will be free. 
2. 

The derivation is very similar to the one in section 
Let us define a transformation similar to Eq. (12) but now for the booster 

B, 

with 

Equation (14)  can now be replaced by 

I-:-I = 

( 7 9 )  

Again, this transformation will eliminate the redundant set of 

in E q .  (10) and in the process it will also eliminate the lx!l displacements 
unknown reatious 

Introducing the 

If s I 
0 :  1 f 

I 5 1  

--l----t 
1 

0 i sp I 
I 

l I  ; i 0 ;  1 I 

= A  
I O I  I 

(80) 

26 



QRiGti.2.: f - .  i- .j 
OF POOR Q i j A t l n  

where this time, 

p B ] = [ I B ] '  [TP] = [:'I' [I*] = [:I9 [Ip] = [:] 
Note that FBI and [Ip] have different dimensions. 

(81) 

T 
Substituting transformation (79) into Eq. (10) and premultiplying by A 

yields, 

Equation (82) replaces Equation (28) 

The basic idea for a base drive method is the seperation of the booster 

response into two sepaietc parts 

27 



where 

_. 
= part due t o  the act ion of (Fs} only 

B 
X 

and 

(84) 

I 

I t  i s  clear that vector (82) s a t i s f i e s  

I X 

i: 

+ 

(86) 

The solution of Eq.  (86)  i s  a one-time computional e f f o r t  b e c a u ~  it only 

involves booster quantit ies .  If w e  now substitute Eq.  (83) in to  Eq.  (82)  and 

take into account Eq. (861 we obtain the following new set of equations 

- HK 
N ITK 1 1 0 X 

-L.B-!!l-----____---_ 

--P I T  
O : 'P%TP 

+ 
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and{x:F/ are known from Eq. (86) 

The second idea  of a base d r ive  method is t o  consider  the bottom p a r t i t i o n  

of Eq. (87) and write i t  i n  the  following form, 

I f  one is oniy in t e re s t ed  i n  the  design of the  payload,Eqs. (881, (12 )  and 
'* BR 

If { xT 1 i s  (83 )  is  a l l  we need, t o  determine the response of t he  payload. 

known we can "base dr ive" the payload by the terms on the  right-hand s i d e  of 
I' 

Eq. (88) t o  ob ta in  {SI . O f  course,  \xF\ i s  coupled i n t o  the booster  

equat ions i n  Eq. (87) .  

AS mentioned before  Eq. (87) does not y i e ld  any immediate advantages, bu t  

"BR 
as w i l l  be discussec! in t he  next chapter ,  Eq. (88) becomes very use fu l  

i f  {XI (= feedback) i s  small. 

Equation (87) can a l s o  be wr i t t en  i n  terms of normal coordinates .  To t h i s  

end l e t  us introduce the  following t ransformation 

1: where ["I, and [+I J are obtained from so lv ing  the  fo l lov ing  

with 

<90> 

(31 1 
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T 'r 
r4; 3 CT:$&+T;Iypl c 0 3  = r '1 9 [+;I [T;KB'ry+T;K.pp] [@;I = cw;J (93 )  

where again we used the simpler notations and ru:J instead of 

&J and p$J * 

Substituting transformation (89) into Eq. (87) and premultiplying by the 

transpose of the square transformation matrix in Eq. (89) yields the modal 

= -  

\ 0 I 0 

8. A LOAD TRANSFORMATlON CONSISTENT WITH MODAL SYpTrHESIS TECHNIQUES [! 

Before presenting the asseesment section it will. prove productive to 

discuss the topic of determining the internal structural loads in the payload 
members. As discussed in section 3 ,  the reason for solving the equations of 
motion of the boosteripayload ryetem is the determination of the displacement 

vector{%\ so that we can substitute this vector into Eq. (311, 

P in order to obtain the internal structure? loade { F 

e of the payload P. In principal Eq. ( 9 5 )  could be used 8 8  it is, but this 
"displacement" approach turns out to be very sensitive to inaccuracies i n  

1 on an individual member 
c 
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{Xp); e.g. truncating high frequency modes as we did in section 5 could very 
P 

' easily lead to erratic loads { Fe 1 .  Heuristically speaking, { 5)  c .ntains 
three parts, the static displacement, the rigid body displacement a?d the 
"vi br a t i ona 1" d i sp 1 ac emen t . 

Therefore, if one has an error in(Xp1one necessarily affect the accuracy 

of all three parts. 
method". 

rigid bod) parts from the "vibrational" displacement. As a consequence one 
only makes errors in e "vibrational" part which often is the smallest part 

of the displacerent vector(x ). 
consistent with modal synthesis techniques was developed by Hruda and 
Jones. [j, ] 

For this reason one prefers the so called "acceleration 

Basically this approach is capable of seperating the static and 

Such an "acceleration" approach which is P 

Recalling Eq. ( 7 9 ;  :.e can write 

so that from Eq. ( 9 5 )  we obtain 

From the bottom rw of Eq. (82) we obtain 
\ 

and from the second row of eq. (82 )  we obtain 

Expressions ( 9 8 )  and ( 9 9 )  can now be substituted into Eq. ( 9 7 )  yielding an 
P 

equation for {Fe\ in terms of accelerations. 
mu!tiplications involved in Eqs. ( 9 7 - 9 9 )  can be simplicied by using a unit 

load solution, which is a feature of most finite element programs [53] 

Many of the matrix 
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The methods as discussed in sections 1-8 are believed to be the currently 

most prominent full-scale methods. Some of these are improvements or 

adaptations of previously existing approaches (Hurty, MacNeal, Bamford, 
Craig/Bampton, etc.) 

mass and flexibility approach is the most effective in terms of cost and 
convenience. As a test structure, Hruda used two planar trusses cc - ed 
together by a statically indeterminate interface (Figure 2.) Five different 
techniques were compared to the exact solution, i.e. the solution in the 
discrete time domain as discussed in section 3.: 

A study by R. Hruda [11-5O] showed that the residual 

1. 

2. 

3 .  

4 . 

Hruda/Benfield Technique (section 6): inertial coupling of truss-2 
constrained modes onto free-free modes of truss-1 which was mass and 

stiffness loaded at its truss-2 interface degrees-of-freedom by the 
interface properties of truss-2. (IMsI,) 

Craig/Bampton Technique (modal version of Zq. (82)): inertial 

coupling of truss-1 and truss-2 constrained modes onto a free-free 
modal representation of the interface degrees-of-f reedom. ( I / F )  

MacNeal Technique: residual flexibility approach of coupling truss-2 
constrained modes onto free-free modes of truss-1 which creates 
stiffness coupling (residual mass not included).(RFSWOM) 

- Rubin Technique (the residual mass and flexibility technique - 
section 5 ) :  coupling of truss-2 constrained modes onto free-free 
modes of truss-1 which yields only inertial coupling, and, by 

consistent application to the mass and stiffness terms in the 

equations of motion, yields both residual stiffnes3 and residual mass 

terms. (RFIWM) 
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5. Rubin Technique but without residual mass contribution for truss-1. 

Tne truss problem as illustrated in Figure 2. represents a 

planar problem with three rigid body degrees of freedom (two 
translational, one rotational). Each pinned joint has two 

translational degrees of freedom. The interface is statically 
indeterminate because there are six interface degrees of ireedom. 

The heavy masses (asymnetric with respect to interface) are added to 

produce interface distortion. The forcing function is a ramp 

function. (RFIUOM) 

The "exact" results, against which a l l  comparisons w c r c  madc, 
were obtained by extracting eigenvalues, eigenvectors, and loads 

directly from a finite element discrete/physical model using no modes 
at all. 

Five different cases we investigated 

EXACT : 

CASE A: 

CASE B: 

CASE C: 

CASE F: 

Discrete modal 70 D3F 

Modally 'coupled, 70 modes retained (=lOGX) 

Hodally, coupled, 50 modes retained (=71%) 

Modally coupled, 19 =odes retained ( = 4 6 % )  

Modally coupled, 19 modes retained (=27X) 

Hruda used the following comparison values: 

Frequenciee: percent error against the "exact" solution. 
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Mode s : 

Loads : 

An e r r o r  vec tor  is formed (9N - 9, and i t s  norm i s  

ca lcu la ted  (which i r  defined as the Root Square Sum of 

ttw elementn or  t he  vec to r ) ;  the  comparison v a l u e  i e  

then def ined AS the  norm of the  e r r o t  divided by the 

norm of the  baselexact  mode. Note t h a t  the  norms a r e  

based on the modal amplitudes of all degrees  of 

freedom from the coupled system. 

Loads were ca lcu la ted  a t  the  t r u s s  i n t e r f a c e  on b o t h  

the  truss-1 and t russ-2 joints. A percent error of 

the  absolute  value of the l a r g e s t  ( e i t h e r  maximum or 

minimum) value from u given case aga ins t  the absolu te  

v:i i i i t*  of  tlic Inr:;t.tit. vel i ic -  frcm t i i t .  c*x;ict s o i t i t  i tm.  

i.e. 

w - w  
Frequency comparison value = --- E x 100 

F: w 

4, - $E 1 
x 100 Mode comparison value ----- 

E RSS 4 

h - LE Load comparison value = -- x 100 L E 

where E-Exact, and N-Case being compared. 

The r e s u l t s  a r e  presented i n  Tables 1-12 

For t h e  100% case-A, the  MacNeal technique requi res  the  invers ion  of the  

res idua l  f l e x i b i l i t y  matr ix  t o  obta in  a "residual  s t i f fnes s" .  When 

attempting to r e t a i n  a l l  (100%) of the  modes, t h i s  res idua l  f l e x i b i l i t y  

matr ix  i s  a funct ion of the in t e r f ace  highest  frequency modal amplitudes 

which can cause an i l l -condi t ioned matr ix  (as i n  the  present  case) .  Since 

t h i s  is  an unrepresentat ive case,  i t  should not be deduced tha t  t h i s  is a n  

unacceptable technique. A r  can be seen i n  succeeding cases ,  where more 

r e s idua l  modes a r e  ava i l ab le ,  the  MecNeai technique f a l l s  i n t o  l i n e  w i t h  

other  techniques. Note t h a t  i n  cases  B,C, and F, i n  both the  frequency 

and mode shape comparisons, t h a t  the MacNeal and the Rubin technique 

without r e s i i u a l  maes a re  i d e n t i c a l ,  thereby numerically support ing R. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

Coppolino's content ion t h a t  these two techniques a r e  equivalent: f o r  modal 

synthesis.  In comparing the loads it is  seen t h a t  the MacNeal column f o r  

case-A r e f l e c t s  the propagation of the i l l - cond i t ion ing  mentioned 

e a r l i e r .  

( s ec t ion  8) f o r  a l l  methods except f o r  the MacNeal technique. 

Loads were calculated by the modal acce le ra t ion  technique 

Due t o  the s t i f f n e s s  coupling involved i n  the MacNeal method,a complete 

modal acce le ra t ion  technique for c a l c u l a t i n g  loads c o u l d  not be used, 

therefore ,  the modal displacement techniques of c a l c u l a t i n g  loads was used. 

Because of t h i s ,  the larger  loads inaccuracies for t h i s  method must  be 

a t t r i b u t e d  t o  t h e  method of loads ca l cu la t ion  and not t o  the method i t s e l f .  

In conclusion we can state t h a t  methods 1 through 5 a r e  acceptable.  

However, the Rubin Technique (Residual Mass and S t i f f n e s s  Approach) seems t o  

outweigh the other  approaches i n  terms of cos t  and convenience. Again,  it 

should be noted t h a t  t h i s  method does not r equ i r e  any knowledge of payload 

p rope r t i e s  which makes i t  very valuable f o r  ana lys i s  of STS-applications. 

Figure 2 Structure Used for Comparing Coupling Techniques 
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Table 2: Frequency Comparison 
Case B = 71% of Available Modes 

X D i f f  for Various Modal Coupling Tech ---------------------------------------.---------------------------------------- 
Mode Exact Freq 
No (HZ) IMSL I / F  RFSWOM I;' IWM RF IWOpi - 
4 
5 
6 
7 
8 
9 
!O 
1 1  
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33 
23 
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Table 2 :  Frequency Conparison (Concl) 
Case B = 71% of Available Modes 

X D i f f  for Various Mdal Coupliag Tech ............................................................................... 
Mode Exact Freq 
- No (Hz) IMSL I / F  RFSWM RF IWM RFIWOM 

47 18.17 .03 .04 122.22 11.51 122.29 
48 20.11 .07 .09 473.05 7.55 473.05 
49 20.27 .31 .3 962.70 8.65 902.70 
50 21.11 4.07 4.20 536.67 19.40 536.67 
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Table 3: Frequency Comparison 
Case C = 46% of Available Modes 

% D i f f  for Various 'ioiial Coupling Tech ............................................................................... 
node Exact Freq 
No (€i t )  IHS L I/F IZiSWOH R F I W  RFIWOM 
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Table 4: Frequency ComparieoF 
Case P = 272 of Available Modes 

X Diff f o r  V.arisua Modal Coupling Tech .............................................................................. 
Mode Exact Freq 
NO (Hz) ThSL :IF WSWM RFIWM RFIWOH 
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. .  
'Table +: Mode Shape Comparison 
Case A = 1002 of Available Modes 

X Diff for Various Modal Coupling Tech. ............................................................................... 
Mode Exec t Freq 

RFIWOM No (Hz) INSL I/F RFSWOM RFIWM 
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21 
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18.11 
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18.47 
19.44 
16.54 
18.17 

. 00 

.oo 

.@3 

.oo . 00 

.oo . 00 - 00 . 00 

.oo . or! 

.oo . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.@O 
-00 
-00 . 00 . 00 . 00 
.oo . 00 
.oo . 00 
.oo . 00 
.oo 
. 00 
.oo . 00 
.oo . 00 
.30 . 00 . 00 . 00 
.oo . 00 

. 00 

.oo . 00 

.oo . 00 . 00 . 00 . 00 . 00 

.oo . do 

.oo . 00 

.oo . 00 

.oo . 00 . 00 . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo 
00 . 00 . 00 . 00 . 00 

.oo . 00 

.30 . 00 

.oo . 00 . 00 . 00 

.oo . 00 

.oo . 00 

104.09 
92.76 
104.91 
94.49 
132.95 
100.73 
153.35 
1OG. 39 
129.05 
186.06 
96.78 
102.21 
71.19 
141 .SO 
90.01 
81.01 
99.38 
136.40 
138.19 
132.20 
100.18 
132.72 
142.58 
68.01 
69.89 
41.89 
138.22 
149 30 
138.85 
148.49 
91.84 
75.41 
49.75 
89.32 
145.84 
146.47 
160.19 
126.88 
162.42 
124.22 
61.05 
135.41 
54.79 

.a0 

.oo 

.do 

.oo . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo 

.oo 

.oo . 00 

.oo . 00 

.oo 

.oo 

.oo . 00 

.oo 

.a0 

.oo . 00 

.o0 . 00 

.oo . 00 

.oo . 00 

.oo . 00 

.oo . 00 . 00 

.oo 

.oo 

.oo 

. 00 

.01 

.01 

.02 

.02 

.03 
-05 
.12 
-08 . i8 
.04 
.16 
.07 
.09 
.02 
.12 
.05 
.13 
.15 
.15 
* 7-5 
.18 
.17 
.09 
.03 
.19 
.28 
.01 
.08 
.ll 
.84 
.52 
.36 
.16 

1.36 
.72 
.51 
.56 
.30 

1.12 
.45 
.84 
.32 

42 
I__Ix 



Table 5: .Mode Shape Comparison (Concl) 
Case A = 100% of Available Modes 

X Diff for Various Modal Coupling Tech. 

Mode Exact Freq 
NO (Hz) IHSL I/F RFSWOM RFIWH RF I WOM 
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21 
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26.78 
9.51 
14.36 
24.08 
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8.36 
7.04 
5.94 
.79 

3.52 
3.86 
2.02 
2.92 
4.43 
4.42 
1.79 
3.98 
6.38 
4.32 
60.42 
60.10 
28.17 
38.29 
126.68 
142.78 
123.17 

.oo 

.01 

.18 
-23 
.Ob 
. J3 
.16 
.66 
.76 
1.78 
.88 

2.53 
.95 
1.02 
1.63 
1 .86 
1.21 
2.20 
1.98 
3.31 
3.56 
4.94 
8.91 
7.18 
6.09 
3.50 
5.80 
4.95 
4.45 
3.91 
25.34 
22.71 
16.67 
12.42 
71 -43 
189.04 
104.85 
128.81 
126.75 
140.52 
144.04 
213.55 
150.22 
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Table 6: Mode Shape Comparison (Concl) 
Case B = 71% of Available Modes 

X Dif f  for Various Modal Couplipg Tech. 
------------------------------------------------.------------------------------- 
Mode Exact Freq 
No (HZ1 IMSL I / F  RFSWOM RF XW M  RFIWOM 

250.51 47 18.33 4.54 5.77 290.51 144.13 
48 18.25 62.46 70.50 553.15 77.72 553.15 
49 19.16 57.97 66 55 96s. 00 130.07 985.90 
50 19.29 114.23 116.94 930.68 128.01 930.68 



Table 7: Mode Shape Comparison 
Case C 9 46% of Available Modes 

X D i f f  for Various Modal Coupling Tech. ............................................................................... 
Mode Exec t Freq 
No (Hz) IMSL I / F  RFSWOM RF IWM RFIWOM 

4 
5 
G 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

14.84 
13.95 
13.45 
13.70 
12.23 
11.21 
9.54 
8.75 
13.25 
10.51 
11.49 
11.24 
14.55 
13.16 
13.99 
15.47 
13.49 
12.74 
14.25 
16.56 
i8.06 
17.70 
17.29 
16.94 
17.58 
17.06 
16.31 
15.86 
18.16 

.02 

.18 
-47 
. 3 i  
.54 
.1.59 
1.10 
2.79 
2.50 
1.92 
4.84 
8.72 
3 -33 
9.03 
11.17 
12.62 
13.23 
7.56 
16.60 
6.01 
4.87 
17.82 
68.71 
72.98 
103.74 
81.82 
110.88 
95.31 
101.15 

.02 

.04 

.45 

.10 

.23 
1.30 
.74 

3.01 
3.48 
2.35 
7.14 
9.37 
4.77 
90.46 
10.37 
11.13 
10.81 
16.01 
19.11 
5.57 
9.79 
16.45 
127.43 
144.11 
98.65 
139.33 
130.70 
153.24 
122.19 

.03 

.03 

.49 

.55 

.18 
2.00 
.41 

3.61 
2.42 
9.02 
5.19 

3.71 
13.85 
13.28 
68.73 
91.34 
46.68 
54.62 
123.28 
129. i5 
135.79 
150.09 
134.45 
152.44 
166.49 
145.30 
243.62 
695.80 

8.63 

.02 
-03  
. 3 1  
.13 
.16 
* 90 
.36 
1.79 
1.79 
2.83 

5.92 
1.62 
5.90 
7.67 
9.12 
7.28 
10.40 
20.68 
97.95 
145.42 
155.65 
124.74 
120.45 
150.49 
128.91 
111.5s 
141.77 
128.54 

3.88 

.03 

.03 

.49 

.55 

.18 
2.00 
.41 

3.61 
2.42 
9.62 
5.19 

3.71 
13.85 
13.28 
68.73 
81.34 
46.68 
54.62 
17.3.28 
129.15 
135.79 
150.09 
134.45 
152.44 
166.49 
145.30 
243.62 
695.89 

8.63 



Table 8: Mode Shape Comparison 
Case F = 27% of Available Modes 

% Diff for Various Modal Coupling Tech. ............................................................................... 
Mode Exact Freq 
No (Hz) IMSL I/F - RF'SWOM RFIWM RF INOM 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

14.84 
13.95 
13.45 
13.70 
12.23 
11.21 
9.54 
8.75 
13.25 
10.51 
11.49 
11.24 
14.55 
13.16 
13.99 
15.47 

.04 

.24 

.71 
1.02 
.74 

2.58 
2.84 
10.05 
10.96 
7.03 
29.41 
33.59 
30.24 
111.59 
123.87 
148.78 

.05 

.07 

.89 

.20 

.39 
2.75 
2.19 
9.34 
11.05 
7.59 
33.79 
66.95 
113.08 
138.72 
130.93 
127.29 

i 05 
.26 

2.63 
8,.69 
1.48 
4.62 
1.40 
38.19 
65.52 
128.49 
159.45 
167.22 
161.12 
161.33 
148.55 
379.09 

.03 

.06 

.71 
2.36 
.42 
1.96 
.98 

23.43 
28.35 
53.35 
43.11 
88.27 
119.44 
140.08 
132.90 
127.01 

.06 

.26 
2.63 
8.69 
1.48 
4.62 
1.40 
38.19 
65.52 
128.49 
159.45 
167.22 
161.12 
161.33 
148.55 
379.09 



Table 9 

Case A = 100% of Available Modes 
Comparisons of Maximun. Absolute Values of Interface Loads 

Percent Difference - ABa. Max. Loads 
Load No. Oxact Load (lbs) IMSL I/F RFSWOM RF IWM RFIWOM 

1 -48 1.999 
3 -202.138 
5 -498.8 1 9 
7 474.713 
9 191 .go1 
11 486.870 

0. -. 00 3419.56 .09 -.05 
0. -.OO 10154.67 .oo -.08 
0. . 00 3957.31 -.oo .ll 
0. -.oo 2208.71 * 00 -.03 
0. -.OO 22733.86 . 00 -.02 
0. .OO 17322.92 .oo . 0 3  

IMSL = Inertial Coupling W/ Mass and Stiffness Loading 
I/F = Interface Method of Inertial Coupling 
RFSWOM = Residual Flexibility with Stiffness Coupling, without Residual Mass 
RFIWM = Residual Flexibility with Inertial Coupling, with Residual Mass 
RFIWOM = Residual Flexibility with Inertial Coupling, without Residual Mass 



Table 10 
Comparisons of  xim mum Absolute Values of Interface Loads 

Case B - 71% of Available Modes 
Percent Difference - ABS. Max. Loads 

Load No. Ex ct Load (lbs) IMSL I/ F RFSWOM RFIWM RF IWOM 

1 -48 1.999 
3 -202.138 
5 -498.819 
7 474.713 
9 191.901 

11 486.870 

.10 -.oo 2.08 .10 - .38 

.26 .27 2.62 .27 .26 

.12 .13 -. 13 .14 -.20 

.17 .15 -1.36 .18 .i2 
15 .18 .26 .13 - . 2 4  
.19 .19 2.00 .24 -. 10 

IMSL 31 Inertial Coupling W/ Mass and StiEfness Loading 
I / F  = Interface Method of Inertial Coupling 
RFSWOM 
RFIWM = Residual Flexibility with Inertial Coupling, with Residual Mass 
RFIWOM = Residual Flexibility with Inertial Coupling, without Residual Mass 

Residual Flexibility with Stiffness Coupling, without Residual Mass 
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Table 11 
Comparisons of Saximum ALsolute Values of Lnterf< :e Loads 

C u e  C = 46% of Available Modes 

Percent Differepce - ABS. Max. Loads 
Load No. Exact Load ( l b s )  IMSL I/F Rr’SUOM RFIWM RFlWC :. 

1 -48 I .  999 

5 -498.8 19 
7 474.713 
9 191 901 

11 466.870 

3 -202. i 38 
-1.32 -1 .29 

2.34 2.73 
. 25  .39  

-1.48 - 1 . 4 3  . 00 -. 12 
-.85 - . 7 7  

- 

-4.07 -1.09 . 2 s  
3 . 1 0  2 . 4 3  3 . ! 0  

- 7 . 3 3  I45 . 1 1 
2.93 -1.36 -. 34 

.25.44 -.07 -1.48 
- 3 .  a8 - . 7 H  -.7:1 

LMSL = Inertial Coupling W/ Mass and Stiffness Loading 
I / F  = Interface Method of Inertial Coupling 
RFSWOM = Residual. Flexibility with Stiffness Coupling, without Residual Mass 
RFIWM = Residual Flexibility with Lnertial Coupling, wi-h ”esidual Mass 
RFIWOM Residual Flexibility with Inertial Coupling, without Residuzl Mass 



Table 12 

Case F = 27% of Available Modes 
Gooparison8 of Maximum Abeolhtc Values of hterzace L0aL.j 

.P?rcint Difference - ASS. Fax. Loads 
?.FIWOM Load No. Exact Load (lbs) X S L  I/F RFSWOM RF IWM 

1 -18 1.999 
3 -202.138 
5 -498.819 
7 474.713 
9 191.901 

11 486.870 

-2.45 -* .88 5.38 -6.66 -2.60 
3.04 -2.85 5.68 -10.99 .27 
-2.24 -2.61 8.32 -4.49 -1.85 
-3.82 -4.44 10.81 -8.79 -1C.3: 
-2.79 -.54 2 1 . 5 2  -7.54 -14.78 

- .08 -.48 I7 .Of. - 4 . 2 8  -7 .60 

IMSL = Inertial Coupling W/ Mass and Stiffness Loading 
I / F  = l n t c r i  'cr McLhud of l r ~ c r t i n l  Coupling 
7FSWOM = Residual Flexibility wi t h  Stiffnesi Coupling, without Residual Mass 
RFIWM = Residual Flexibility with Inertial Coupling, with Residual Mass 
RFIUOM = Residual Flexihili ty wi t l i  Inertial Coupling, without Residual M a s v  



ORIGINAL FhSE 13 
Of POOR QQALIW 

CHAPTER 11: SHORT-CUT METHOWLOGIBS 

1. INTRODUCTION 

I n  Chapter I we discussed severa l  modal coupling techniques. A l :  these 

techniques necess i t a t e  the  so lu t ion  of the  coupled booster/yoyload equat ions.  

i.e. they a r e  "ful l -scale"  methods. As we pointed , ? u t  before  t h i s  so lu t ion  

is  q u i t e  expensive, e spec ia l ly  i f  i t  tras t o  bd repedced severa l  times e.g. 

duririg a design e f f o r t .  

e f f o r t  a r e  o f t en  small ,  cur ren t  p rac t i ces  used t o  design payload s t r u c t u r e s  

Although mass and s t i f f n e s s  changes du-ing A design 

. require  a new "ful l -scale"  solut'on every time such small changes i n  the  

payload a re  made. A s imi la r  s i t u a t i o n  e x i s t s  i n  the  case o f  p a y l o a d s  that arc-  

. Jceigned for nrr l t iple  f l i g l i t s  w i t l i  swclc.ratt: coni iguroLioii changes. 

A n c t d  e x i s l a  for the  drvclopmrnt of "~ilorr-cii t" invttiocls. 'l'lit. tcbrm 

"short-cut" msthod implies thaL the method should be ab le  t o  eva lua te  small 

changes i n  the payload i n  d r e l a t i v e l y  sho r t  t i m e .  F i r s t ,  a short-cut method  

should avoid the d i r e c t  so lu t ion  of the coupled equat ions of the - 
. booster/payload system. Secondly, i t  should avoid a s  much a s  poss ib le  the  

in t e r f ac ing  between d i f f e r e n t  organizat ions.  Th;s means thac one should 

s l r i f e  towards as much independence f o r  the payload design organizat ion a s  

possible .  

The objec t ive  then of Chapter 11 is  t o  present  severa l  of the most 

promising of these short-cut methods. Also an assessment of t h e i r  s t r eng ths  

and weaknesses w i l l  be mude. 

the next sect ion.  

The f i r s t  O L  these methods w i l l  be discussed i n  

2. -- THE PERTURBATION TECHPIQUE 

In th in  sec t ion  we s h a l l  d i r cuss  a short-cut  method which is based on n 

well known perturbat ion technique. We s h a l  I f i r s r  discriss ttic pcrIu1Itat  i o n  

tech#iiyue i n  general  terms and then apply i t  t o  t h e  particblar probIc.!s o f  .I 

booster/payload eystcm. 
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L e t  us consider e set of equations of motion of a c e r t a i n  s t r u c t u r e ,  

( 100 1 
where [%] and a r e  the mass and s t i f f n e s s  matrix of t n e  s t r u c t u r e ,  
respect ively.  

displacement and fo rce  vectors .  

(100) can be wrAt t en  as 

The vec to r s  {IC\ and { F) are tke general ized d i s c r e t e  

The eigenvalue problem associated with Eq. 

(-w; [ M o l  + [KO]) = w 
(101) 

The so lu t ion  of t h i s  eigenvalue problem y i e l r h  a modal matr ix  [40] 
diagonal eigenvalue matr ix  f woJ 

and a 
2 s a t i s f y i n g  

Next, let UP assume t h a t  the elements )f [no] and [g wdergo s m a l l  

changes, so t h a t  the new system'of equations can be w r i t t e n  as  follow 

(104 )  



where t is a shall parameter such t h a t  
. .  

Note t h a t  the matrix d i f f e rences  on the right-hand s ides  of Eqs. (105) are 

small ,  so t ha t  i t  is easy to  determine a small are 

of the same order of magnitude as [MI, [KO] and [K], [KO]. 

so t h a t  EM,] and 

The ob jec t ive  of the perturbat ion technique is t o  obta in  3 s o l u t i o n  for 

the new eigenvalue problem aseo r i a t ed  with Eq. (103) 

without a c t u a l l y  solving Eq.(106). To t h i s  end, - 2 :  us write 

2 
{XI = { x o f  + E { X J  + E {XJ + a * .  (107) 

2 {@I = { $ o /  + E ( @ J  + E p21 + (108) 
2 

(109) 
l d * W  + E a 1  + E w 2  + ..- 

0 
This can be done because of the mall changes i n  

expreased i n  Eq. (104). A iso ,  

and ] a s  
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where 1 qo\ and { q 

perturbed system, respec t ive ly ,  i.e. 
are the normal coordinate  vec tors  O E  the unperturhed and 

{ X o t  = C$,l {(I,)\ 

1 4  = [ + I  l q l  

c 4  3 'I' ,. F i r s t ,  l e t  US s u b s t i t u t e  Eq. (112) i r i ta  Eq. (103)  and premultiply b y  

y ie Id i ng , 
{ q i  + €+I = [ + I T  1 F \  

(114'  
Subs t l t u t ing  Eqs. (1081, (109) end (1.10) i n t o  Fa. (114) and equating 

c o e f f i c e n t s  of l i k e  powers o f t -  , we can write,  
T 

(115) 

I t  is now poss ib l e  to  solve Eqs. (115,  116, e t c . )  i n  sequencc. The f i r s t  

Eq. (115) r ep resen t s  the unperturbea equation of motion, i . e . ,  the  modal form 

of Eq. (100). This so lu t ion  is a v a i l a b l e  or can be determined. 

3nce the vec tor  { 
a r e  known. The determinaZ;orl of these  matr ices  is the suhj i . c t  of n e x t  

paragraph. 

1 i s  determined one can so lve  Eq. (116; i f  and [ul] qo 
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F i r s t ,  i t  is always possible  to write as a l i n e a r  combination of 
the eigenvectors [m,] , 

[s,] = [40:l La1 
(117) 

because [$,,I 
for a vector space). 

of L ' b ~ j  i n  the l inear  combination and m u n t  s t i l l  I,c clvlt .rrnitwd. '1'0 t h i s  

end, l e t  us  introauce Eqs. (104),(108), (109) and (117) i n t o  Eqs.( l l3) ,  and 

only keep terns i n  E' and E , 

is  R completz set of vec to r s  ( i . e .  they can be used a; a b a s i s  

Mote t h a t  [ r x )  represents the c q e f f i c i e n t  matrix 

1 

+ [mol P I ) '  ( [ M i l  + E C M J )  ([mol + [@,I 1.3) = CII 
T (118) 

(Dol + E Dol [a:)  ( P o 3  + E C K J )  ( Po3 + P o l  1.3) 
1 Equating c o e f f i c e n t s  of l i k e  powers i n  to and t we ob ta in  from Eqs. 

T T 

(121) 
CuoI ["i] = [ u i l C a l  + Ea3 [u;l + Eo,3 C C g J  

Equations (120-121) can now be solve f o r  and[ul] . This e rab le s  us 

t o  solve Eq. (116) f o r  {Si\, so t h a t  from Eq. (110) we obtain the f i rs t  order 

approximation 

(1 22) 
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and from Eq. (112) w e  ob ta in{  x\where w e  vse 

(123) 
bl = [$)I + E [ ol] 

This per turba t ion  technique can now be appl ied t o  a booster/payloaa 

s i t u a t i o n .  The assumption i s  t h c t  only changes of order  € are made i n  the 

payload, i.e. 

[%I = Cq,] + E [MpJ ’ b p 3  = [KFJ + E Pp11 

( 1 2 4 )  
where and [so] 
unperturbed payload PO. 

[%,I are the mass and s t i f f n e s s  matrices of t he  

L e t  u s  write the  mass and s t i f f n e s s  matr ices  ir. Eq. 

Using Equation (124) we can w r i t e  [S,] as 
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and, keeping terms i n  i o n l y ,  Qe obtain 

with 
- 1  PO 

’0 ] = - [K N N  3 [KL:)] 

with 

( i 3 2 )  

(133)  
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Fina l ly  we can write the  mass and s t i f f n e s s  matrices of the coupled 

boorrter/payload system a8 follows 

[McI = [",,)I + 1 [M,,J * [ K ~ ]  = + I [ ~ ( : l ' l  
( 1 3 4 )  

where C ind ica t e s  Coupled. Matrices [Mc] 

( 1 2 5 ) .  Takin!; i n t o  accmmt Bqs. ( 1 2 4 )  and ( 1 3 2 )  w v  (-air w r i t * >  

and cK,] arc  given b y  cxprc.ssioiis 

and 

where ' [TpO] and PPI] erz given by Eq. (133) .  Equation (134)  is now 

equivalent  to  Eq. ( 1 0 4 )  and the  per turba t ion  technique can be applied.  

Note tha t  t heo re t i ca l ly  one can a l s o  obta in  the higher-order 

per turba t ions  1 2  , t 3  , etc .  but  fo r  a l l  p r a c t i c a l  purpoees only I 

pvr L i i rba t  i onri ar t -  i t i c  I~rdt*cl. 'rhc- ~ I I ~ ~ H L  i 0 1 )  1 Itc*li i N, IIOW iinpot I .IIII . , , 
e tc .  terms are .  It is evident  t h a t  Eq. (107) is only va l id  a s  long a s  the 

anymptotic expansion in I d o ~ s  not brenk down, i . e .  B R  long as  

' I  

I hl .,,I. 
I ' { x 3  1 ' I X I  1 ,  e t c .  l'herc. are iriderbd C ~ S I ' H  w l i v r v  such air . ihviliotet I C  ~ ~ X I ~ . I I I : . ~ ~ I , I  
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breaks down. It is then necessary t o  introduae o t t ? r  per turbat ion tecliniques 

(e.g. L i g h t h i l l ,  mu l t ip l e  s ca l e s ,  e t c ) .  I n  t h i s  connnection it  i s  important 

t o  rcwguiz tn  t h e  f a c t  t ha t  small changes in  the mass and s t i f r n e s s  o f  thi .  

payload produce small changes i n  the eigenvalues and eigenvectors ,  but  not 

necessar i ly  small changes i n  the response. 

some promise and w i l l  be invest igated f u r t h e r  a s  p a r t  of Task 11 Methodology 

Dcvtlopmc~nt . 

These pe r tu rba t ion  techniques show 

3. THE BASE DRIVE TECHNXQUE 

In  t h i s  s ec t ion  we s h a l l  d i scuss  the Base Drive Technique as developed by 

W. Holland, A. Devers and H.HaIcrow. Let us f i r s t  r e c a l l  Eq. (87)  i n  

pa r t i t i oned  form, 

where ue jolved for{xBR/  i n  Eq. (140). 
I 

The nayload dasigner i s  pr imari ly  i n t e r e s t e d  i n  p red ic t ing  the response of 

the payload (see Chapter I, s e c t i o n  8 . )  which is  given by 

I 4 w i t h  
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where[-' 'andIxF1. must be computed from, Eqs. (138-140) andixBF' from Eq. ( 8 6 ) .  
X N !  1 ' 1  

"I: I 
The idpa of a base d r i v e  short-cut method i s  t o  approximaLt-I x 1  I i n  Eq. 

( 1 4 0 )  

To evaluate  a p a r t i c u l a r  short-cut method, the approximation o f '  x K ' m u s t  b e  

compared to the exact value given by Eq. (140). 

i r i  oiicli 11 wiry a s  L o  n v o i d  the so lu t ion  ot' the complete s e t  ( 1 3 8 - 1 4 0 ) .  

I 1 1  

A s i g n i f i c a n t  s impl i f i ca t ion  of Eq. (140) occurs when the i n t e r f a c e  is 
s t a t i c a l l y  determinate, i.eh, when 

This e l iminates  t h e  dependence of ( X R i  onixBRJandl  1 RF) p d r  I " R l  xI, becomes, 
( 1 1  I T !  

A f i rs t  p o s s i b i l i t y  is t o  asairme t h a t  the presence O E  the  payload has no 
e f f e c t  on the response of the booster,  i.e.{., "BR \ = {o).This approach is  c a l l e d  

the  Direct  Base Drive Technique. Indeed i f ( k B R /  = l o i then  Eq. (139) becomes 
I 

which means tha t  the payload is  "direct ly"  driven a t  i t s  base ( i . e .  i t s  

i n t e r f a c e  with the booster B) by the force on the r i g h t  hand s ide  of Eq. (145). 
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Theoret ical ly ,  t he  D‘-ect Base Drivz Technique aasmes the re  i s  no coupling a t  

a l l  between the booster  and the payload. P r a c t i c a l l y ,  i t  means t h a t { i B R I  << (xI \ 
or  t h a t  the feedback of the payload is  neg l ig ib l e .  

such an approximation i s  v a l i d  is  s c i l l  an unanewered queeticin, 

development of a c r i t e r i o n  of v a l i d i t y  of  the use c f  the Direct Base Drive 

Technique should be p a r t  of Task 11: Methodology Development. This top ic  

together  with some o the r  considerat ions w i l l  be discussed i n  Chapter 111. 

.. BF 
I 

The condi t ions under which 

The 

4. THE IMPEDANCE TECHNIQUE [71I 

In  t h i s  s ec t ion  we s h a l l  d i scuss  y e t  another approach t o  the so lu t ion  of 

t h e  equations of motion of the boosterlpayload system. 

Technique as developed by K. Payne i s  basical1.y a fu l l - s ca l e  method i n  the 

sense t h a t  i t  does not make any assumptions concerning the s i z e  of the payload 

nor the extent  of the changes made i n  the payload. 

avoid a fu l l - s ca l e  so lu t ion  of the coupled boosterlpayload equations of motion 

and is p a r t i c u l a r l y  su i t ed  t o  deal  with small changes i n  the payload. 

Impedance Technique i e  e s a e n t i a l l y  a Base Drive method (see s e c t i o n  3 . ) .  I t  

d i f f e r 8  from t h e  approach i n  sectim 3. i n  the manner i n  which the i n t e r f a c e  

acce le ra t ions  (iBRbre computed. Indeed, t he  i n t e r f a c e  acce le ra t ions  w i l l  be  
I 

computed i n  the frequency domain instead of the d i s c r e t e  t i m e  domain thereby 

e s s e n t i a l l y  converting a set of d i f f e r e n t i a l  equations i n t o  a set of a lgeb ra i c  

equations. 

The Impedance 

However, the method does 

The 

Let u r  n w  de r ive  the necerrary equations. F i r s t ,  r e c a l l  Eq. ( 3 ) .  
? 

.ad write the top and bottom p a r t i t i o n s  r spa ra t e ly ,  

( 147 

( 1 4 8 )  



where we invoked Eq. ( 2 )  and assumed the hxternal  payload forces  t o  be absent 

( ( F p /  = (0 ) )  n Next, we int-oduce an equa:ion eimi’lar t o  Eq. (631, 

F R 

(XJ = ( X b l  + IXJJ 149 1 
where the F vector  represents  the boorter  Adsponre due t o  the ex te rna l ly  

applied force vector(  F ) and the re fo re  s a t i s f i e s ,  B 

and the R vector  represents  the response of the booster due t o  the feedback of 

the payload and s a t i s f i e s  

Applying transformation ( 3 3 )  t o  Eq. (150) y i e lds ,  

We now consider Eq. (149) and r e c a l l  Eq. (41, 
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Keeping che bottom p a r t i t i o n  i n  Eq. (153) y i e l d s  

where we tiow included the dependence of the vec to r s  on the d i s c r e t e  t;.rne 

Taking the Laplace Transform (with zero i n i t i a l  condi t ions)  of both s ides  t. 

of Eq. ( 1 5 4 )  a1.d introducing the transformation = j n . ( w i t h s ~  Laplace 

variable;$? 
- 

* the i t h  input frequency; and jDq-1 we can write 1 

(c number of input  frequencie 

which represents  Eq. (154) i n  the frequency domain. Taking the second time 

d e r i v a t i v e  of Eq. (155) y i e l d s  

The b a r i c  idea of t he  Impedance Technique i s  t o  c a l c u l a t e  the i n t e r f a c e  

a c c e l e r r t i o n r l  xB (Ini) \ i n  the Erequency domain and then transform them back t o  

the d i s c r e t e  time domain. 

w i l l  be replaced by algebraic  matrix expreseiocs so t h a t  the c a l c u l a t i o n  

oft;  (JQ) does not involve the Rolution c €  a set  of d i f f e r e n t i a l  equations.  

Let U B  s t a r t  with the f i r s t  term on the right-hand s i d e  of Eq. (156). 

end let us convert  Eq, (152 )  t o  the frequency domin, 

t 1  
The two terms on the righthand s ide  of Eq. (156) 

I 
To t h i s  
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or, takin#- the second time derivative. 

Let us write Eq. (33)  as followe, 

B 

with 

Then the bottom partition of Eq. (159: reads, 

(159 )  

' Premultiplyinv Eq. (158) by [,+:I and invoicing Eq. (161) yields 

OX 
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with 

Equation (163) then, yields the firqt term on che right-hand side of Eq. 
(156). The mtrix A ( jn )I i n  Bq. (164) i o  the trpnsfer admittance from the i 
points of application of the external to the interface 

accelerations. 

Similarily, Fq. (151) can be transformed into 

where thie time 

is tSe metrih of coefficients for the point admittance €or the booster at the 

interface. Equation (165) y i e l d 8  the second term on the right-hend side af 
P Eq :&j6). Hwevet, the reaction vector l R I  (;nil 1 is not  know a priori. To 

determine this vector let ue consider Iq. (148) which represents the paylord 

equqtionr of motion, and write it UJ 

where we uoed Bq8.  ( 5 )  and ( 7 ) .  

taking into account the propertiee (41) we obtain from Eq. (167) 

Introducing the modal transformation (40) and 



(169) 

(170 1 

a d  [<] given by Eq. (30). Note that 
statically determinate. 

is zero w;-m the interface is 

The top acd bottom partitions of Eq. (168) car? be written as, 

We shall now assume that the interface is statically determinate ( 

and calculate an expresrion fori R' I from Eqs. (171-172). 

Eq. (171) to the frequency domain, 

First, we transform 
1 I \  

and from Eq, ( 1 7 2 )  we obtain,  
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(174) 

from which w obtain the following expression for I I 1"' ( j n i ) l  

where 

i - 

is the impedance matrix of the payload at the payloadlbooster interface. 

Finally, we substitute Eq. (176) into Eq. (1651, 

Combining Eqs. (156),(163) and (178) yields 

(177) 

i - 1,2,  .... 
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when we r l r o  w e d  Eq. (1) 

The c o e f f i c i e n t  matrix of x: (j0i)/  i n  JSq. !179) r ep resen t s  the coupled 

impedance of the booster/payload system, a d  the r i g h t  ham? s ide  represents  a 

pseudo generalized force.  The i n t e r f a c e  acce le ra t ion  can now be computed from 

Eq. (17'1) with r e l a t i v e  ease. 

If  M now consider a new peyload 0x1 the same boodter and with the same 

force ! F B I ,  the  r i g h t  hanC s ide  of Eq. (179) does not change so t h a t ,  

provided the i n t e r f a c e  does not chraae. 

The i n t e r f a c e  acce1e:atima x$t)\in the d i s c r e t e  t i m e  domain can now be 1 *-  

derived f r o a  Eq. (179) or Eq. (130), using the inverse Laplace Transform. The 

payload response then follows frcm Eq. (171). 

The approximation involved i n  the  Impedance Technique is im'edded Ln the  

t r aas fo rma t im t o  and from the frequency domain. If t h e s t  t-ansformatione 
were exact ,  the  method of determini- P x$t + o u l i  be exact.  Therefore,  one of 

. I  the  ob jec t ives  of Task 11. Methodology Developlent. shoul. a d e t a i l e d  

inves t iga t ion  of these transformations.  

the modal damping when working i n  the frequency domain. 

There a r e  a l s o  pr .  .as per t a in ing  t o  

Althocgh Eq8. (179) and (180) were derived for an undamped s t a t i c a l l y  

determinate sy-tern, i t  is  c l e a r  t ha t  damping and s t a t i c a l l y  indeterminate 

in t e r fdces  can be included. 

t o  keep t rack not only of the i n t e r f a c e  acce le ra t ions  but al.80 of the  

v e l o c i t i e s  and displacements a t  the i n t e r f a c e .  The use of the Fast  Fourier 

Transform in ob t r in ing  the s p e c t r a l  data  t o  be used i n  Eqs .  (179-1801 a l s o  

presents  lome problems. I n  general ,  however, enough c c r r e l a t i o n  with the 

exact ti= domain so lu t ion  is apparent t o  warrant F u r t h e r  i nvea t iga t ion  i n t o  

pooeible improvements. 

For an indeterminate system it  become8 necessary 



The approach prerented i n  t h i r  r e c t i o n  i o  a general ized vers ion of the 

rhock rpectrum technique a8 developed by Bamford [ td .  

In  order t o  explain the bas i c  ideas  underlying t h i s  technique l e t  u s  

r e c a l l  equation (44) 

and 

and 

l e t  us uss- we r e t a ined  P4 modto f o r  the booster  ( i e  i s  an M matrix) 
E modes for tba payload a=[<! is an NxN matrix) 

The bas i c  idea of the shock spectrum technique is t o  determine l oad  maxima 

v i t h u t  having to  rolve Eq. (18;). To reach t h i r  a-1, a new model both Cor 

the coupled s y s t a  and the  fo rc ing  funct ion 'F i r  introduceti. 1 B\ 

First, the (U + M) modally couple.1 Eqr.(lBl) are replaced by (N x H) sets 

of hro simultaneou8 equations each of which represents  t he  cocpling of one 

payload mode with One boorter  rode, as f o l l o w ,  

where we arrumd t h a t  the i n t e r f a c e  i r  s t a t i c a l l y  dctcrmina*c (La TP%Tp i 1- [oI 
Secondly, a bound q B p  on each of t h e  (N x M) modal renFonram of t h o  

payload i r  e r t a b l i r h e d .  T h i o  i r  done by introducing I nav model Ior thc 
d 
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forcing function in Eq. (182). 
replaced by a m c h  rimpler function (e.g. an impulsive force) which produce8 
the mame ~aximum response peak as the original force. 
analytical solution for both the responbe and maximum reeponse of dq. (182) is 
possible (after some additional simplifications). Finally, a bound qp on 

the tot81 payload responre is constructed by s m i n g  over all the individual 

modal bourds qBp 

a l l o w  for phase weighting). 
contributic 3 of all payload modal loads. 

Tile rather complicated forcing function is 

Therefore, ar. 

tovtr abrolute values or in a root-amsquare sense that 
Payload member loads are obtained by adding the 

Ae stated above, the fercing function in Eq. (182) is replaced by a modal 
delta function of a certain magnitude *g . This magnitl.de FB is evaluated 

from an already existing transient analysis of the boorter with or without a 
duwmy payload. 

The maic objections that can be raised against the Shock Spectrum Apptuach 
are : 

1) No critical evaluation is avhilable on the validity of replacing 
model (181) by model (182). 
load bounds? 
design but also in an unconservative one. 

coupzing between the B-modes due to rigid body feedback of P , but more 
importantly it ignores the effects that the coupling of one B-mode with one 

P-mode has on all the other P d e s .  

What effect does this replacement have on the 

This change of d e l  could not only result in a too conservative 
Model (lb2) not only ignores the 

2) The manner in wbich FS is calculated again '7aves the question of 
whether or not the envelope values are conaeivative or not and by how much. 

3 )  The tb;bod appears rather com9licated and is not simple to use. This 
can lead t o  mieinterpretation and confueion when the method is applied. 

rigor in the mathematical formulation is desirable. 

More 

For these and some other minor reaeons we do not fawr further 

investigation of the Shock Spectrum Technique unless a better version qpears 
that ansvcrs our basic objections. 
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CBAPTEB 111: PWPOSBD IWRWE)(BNTS OF EXISTING SHORT CUT 

PIETHODS - A NEW APPROACH - 
1. -- INTRODUCTION 

In  Chapter I we reviewed and assessed four prominent "ful l -scale"  

methodologies. This allowed 1.8 t o  introduce the necessary background ma te r i a l  

i n  terms of a un i f i ed  nomenclature. After  ca re fu l  eva lua t ion  we can s t a t e  

t h a t  a l l  four methods have t h e i r  m e r i t s .  However, the Residual Mass and 

S t i f f n e s s  Mecnod appears t o  be the most e f f i c i e n t  general  purpose method, a s  

discussed i n  s e c t i o n  9 of Chapter I. It is  the f u l l - s c a l e  method which b e s t  

descr ibes  the booster s t r u c t u r e  i n  terms of a minimum n d e r  of d e s ,  given a 

c e r t a i n  cut-off frequency fo r  the e x t e r n a l l y  appl ied force {F 1 
t ha t  no payload information is required tc obtain the booster model i s  a very 

convenient f e a t a t e  i n  c c n n e c t i m  with the present  study. Therefore,  the same 

booster model can be used a s  long a s  she booster does not change. 

The f a c t  1 B I '  

The Residual Mass and S t i f f n e s s  Method can be used f o r  compztrison purposes 

when fu ture  short-cut methods a r e  evaluated. Moreover, most short-cut methods 

require  a f u l l - s c a l e  " s t a r t - so lu t ion"  before they can be appl ied,  which 

demonstrates the need fo r  an e f f i c i e n t  fu l l - s ca l e  method. Also, some of the 

short-cut methods (e.g. Base Drive Method) a re  based on t h e i r  f u l l - s c a l e  

parent method . 
I n  Chapter 11 four  general  short-cut methods have been discussed and 

evaluated. 

chat none of them is  acceptable i n  t h e i r  present s t age  of developmeot t o  

function sa a standard short-cut metl-od fo r  general  use. It is the purpose of 

t h i s  Chapter 111 t o  propose seve ra l  poss ib l e  improvements of these 

techniques. In  r d d i t i c a ,  we a leo  wish t o  present a new approach. Although 

s t i l l  being developed, t h i s  new approach shows g r e a t  promise. 

Although each of these methods has i t s  own merits, i.t i s  believed 

2. THE BASE HOTION TECHNIQUE 

The Coupled Bare Motion Technique an explained i n  Chapter 1-7, leads t o  

the  fundamental set cf equations (138-1401, which we repeat here  f o r  c l a r i t y  

of p t e sen ta t i cn ,  
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ORIGINAL PAGE IS 
OF POOR QL'ALITV 

(183) 

As mentioned in Chapter 1-8, the payload designer is primarily interested 
in the response of the payload i.e., 

with 

I (187 > 

whare\%I BR 

provided'xBR'cm the right hand side of Eq. (184) is known. 

( 8 6 ) .  The bare 

produce an expreorion for 
The idea is to I l l  

without actually solving the coupled eet  of 

equation6 (183-1851. 

=BF I First, consider the coefficient6 of '13 land I xI 1 in Eq. (185). These 
coefficient8 repreeent the ratio of the payload ma88 and the total vehicle 
mass. 

Therefore, a firrt possibility ie to ignore these terms in Zq. (185). 
In many STS application8 this ratio will be rather b.aall ( <lo% 1. 

Secondly, in many applications we can aeslIIpe a statically determinate 

interface, :.e. [ T s S  T ]mpi%~p)COI, 80 that Eq. (185) becomes 
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=BR 
Ordinarily, the coefficient matrix of 1% I in Eq. (188) is not m a l l  and 

cannot be ignored. A first possibility is to asRume thatiylie mall and can 
be ignored. This means that the feedback of the payload is not important. 
This can be a realistic assumption because the payload is usually small 
compared to the booster. In this case we can completely ignore\iBR/in Eq. 
(184) and write 

I 1  

Equation (189) is now effectively decoupled from Eqe. (183) and (185).  

Physically, ignoring the feedback of the payload means that payload and 

booster are not modally coupled, 
valid. This is one of the pointe to be investigated in the future. 

The question is, when such an approach is 

A second posribility is to scale the vectorlzBRlin Eq. (188).  Indeed, let 

Now, some 

The 

X N I  
us assume a full-scale solution is available for some payload 

r e l a t i v e l y  smal1,changes are made in the payload Pi to generate payload P. 
assumption now, is that 

P1 

IZBR!is not much different from h I 

Bquntion (188) for payload pl  can be written a# 
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or 

Taking i n t o  account Eq. (190) it  follows from Eqs. (192) and (188) t h a t  

which y i e l d s  a scaled value f o r  t o  be used i n  Eq. (1.84). Again, one 

should i n v e s t i g a t e  when such an 

One way t o  improve the Direct  Base Drive approach is  t o  use a pe r tu rba t ion  

technique such as the one discussed i n  Chapter 11-2. 

time! reveal when a Di rec t  Base Drive is v a l i d  or not.  

expanrim of 
should then be po re ib l e  t o  decide i f  and when the zero-order term i e  

s u f f i c i e n t  or not t o  represent  the response of the payload. 

This could a t  the same 

Indeed, an asymptotic 
2 could reveal  the magnitudes of the tcrmr i n  E ,  E e t c .  It 1z1 

Another p o r r i b l s  route of i a v e r t i g a t i o n  i r  given by the modal form of Eqe. 

(871, namely Eqs. (941, 

(194) 

(195)  
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ORIG!P!l?.F, ;. . / w  

OF POOR Qc!d.;i;'y "BR 
Once iql .('is knovn i n  Eqs. (194) and (195) we have a decouplcd system of 

equations which can be e a s i l y  solved. 

p roc r r s  withf;;:?={Q] ( i . e .  Direct  Bare Drive) and eolve fad;;,"", aridtqi)  i n  

Eqs. (194) and (195) which would be eacy t o  do as mentioned above. 

vectors  are now used t o  compute a new val-ue for{q!T;from Eq. (196). 

value is then used i n  Eqs. (194-195) and the procesci is  repeated u n t i l  a 

s a t i s f a c t o r y  s o l u t i o n  is obtained. Hopeiully, a f a s t  convergence scheme can 

The idea is  to s ta r t  an i t e r a t i v e  

These 

This 
* 

be developed. I n  the meantime, f u r t h z r  research showed t h a t  no it?:ation process 

13 necessary and a d i r e c t  s o l u t i o n  is possible .  

i n  a f u t u r e  r epor t .  

We shall d i scuss  t h i s  approach 

In  conclusion, it can be s a i d  t h a t  the c e t  of Eqs. (183-185) o r  any 

equivalent  set o f f e r  s eve ra l  p o s s i b i l i t i e s  f o r  t he  development of an adequate 

short-cut method. The main problem is  the development of c r i t e r i a  of v a l i d i t y  

fo r  che seve ra l  assumptions t h a t  must he made. 

3.  THE IMPXDANCE TECHNIQUE --- 

As s t a t e d  i n  Chapter 11-4, the Impedance Technique is  b a s i c a l l y  a Base 

Motion Technique. A s e t  of s u i t a b l e  i n t e r f a c e  acce le ra t ions  are given by Eq. 

(179) 

or,  when the booster,  booeter fo rces  and i n t e r f a c e  do not change we a l s o  have 

Eq. (1801, 

1;: (Ini) )(*I -([I] - [B(jn,q (*) [ C ( j n i ) ]  (2') 
(198) 

([I] - [B(JOI)]  [ C ( P i )  [ x *  ( j Q , I l  1 ( I )  

The Impedance Technique is UI exact  method, i n  the aenie t h a t  t he  

i n t z r f r c e  accelerat ion8 given by tqr. (197-198) a r e  exact.  rhe approximation 

l ies  i n  the transformations from the d i s c r e t e  time domain t o  the frequency 

domain and buck again. 

modeling of damping and the app l i ca t ion  of the Fas t  Fourier  Transform. 

Indeed, problems were encountered w i t h  regard t o  the 
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The outstanding feature of the 
ie made as to the size of the payload. 
interface accelerations are determined is a very attractive property of this 
technique. However, further research is neede-! in the area of modeling the 
damping and in the area of conversion from the time domain to the frequency 
domain and vice versa. 
application of rl perturbation approach in case the payload and/or the changes 
in the payload are small. 

Impedance Technique is that no assumption 
Also, the relative ease with which the 

Also, we would like to investigate the possible 

4. A N E W  TECHNIQUE DQ 
In the course of our investigation and evaluation of several short-cut 

methods it was noted that many methods involve assumptions and approximations 

leading to either doubtful or cumbersome resalts. In additioa, it is often 
very difficult to assess the effects of those assumptions on the response and 

the loads of the boosterlpayload system. 

The basic problem is to somehow deal with the coupling effects between 

booster B and payload P without solving an eigenvalue problem pert-ining t o  

the coupled boostei/payloau system. 
of the short-cut methods discussed in Chapter I1 addresses this problem in a 

differerit way. However, the proposed solutions invariably lead to cumbersome 

mathematics and program coding. 

a more dirzct approach which we think shows great prDmise. 
is easy to understand and easy to implement. 
White and B. D. Mnytum n d .  
already can present the basic philosophy. 

This is a difficult problem indeed. Each 

This observation led us to the development of 
This new approach 

It is oased on the work of C. W. 
Although the theory is still being developed we 

Let us recall Eq. (28J 
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which r ep resen t s  t he  set of equations o t  motion of t he  coupled 

boo:?ter/payload system. 

based on (I Fourier  series expanrion of IF:/ . Purti,ermore, w e  c leo  assume 

t h a t  e.g. the  Residual Mass and S t i f f n e s e  Method was used t o  conetruct  :he 

following s e t  of modally coupled equations,  

It is  now arsumed tha t  a cut-off frequency i e  defined 

I 

where 

-+ 
and the cut-off trequency was used t o  determine the s i z e  of[$BlandL4)Nj 

sccordjng t o  e.g. Chapter 1-5. I n  o the r  words, t h e  e k e  af Eg. ( 2 0 0 )  - 3  

already much l ees  than the size of Eg. (199). Due t o  e.g. the Residual Mass 

and S t i f i n e s e  Method, t t e  re.?uced Eq. (200 )  s t i l l  r ep resen t s  an acceptable  

model for  t he  coupled bcosterlpayload eystem. 

The first s t e p  of the present  approach i s  t o  solve the eigenvalue problem 

a e r o c i a t ~ d  with llq. (2,301, namely 

y i e ld ing  a s e t  of modes c y ]  and 8 r e t  of frequencies  s a t i s f y i n g  r 3 
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and 

t 0 

['y] - [,'J 

where {ut aid the new normal coordinates. Sub~tituting tranefocmation (203) 

into Eq. (200) and premultiplying by and using Eqs.  (204-205) we obtain 

the uncoupled set 02 equationr, 

The modal matrix [ Y j  and thrt frequency matrix [~~Jrepresent thc mcdal 
information of the coupled baorter/payload rystcm. The idea now is to chanre 

the payload a d  calculate rhe change6 in [y]Qnd [L;'j. In ocher words, we use 
the full-scale solution of Eq. (200) as a "start-ao1ution". This approach is 
taken in mort short-cut methods and as such does not detract from the present 
approach. For example, this full-ecale 8' lution could be determined at the 

beginning of a denign effort and would stay the same 'or at1 subsequent design 
cycles of a particular payload. 

Let us nuw consider a new payload P1, with maai aatrix[%I)and et:Cb~l~*~ti 

autri~[%~]a This payload P1 could be totally new or just a modifiib7 m w  

the nominal payload P, as long as we k ~ v e  the same degrees of freedom . . bc;h 

p8yloadr I Gin! I;. For this new payload P1, ve re-lace Eq. (199) by 
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r 

where 

1 

i e  the new trureformation matrix end 

is the new c:,r&m displacement 1 - C t O r .  

Let UI now writ3 Eq. (207) a6 follows 

where 
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(213) 

Note that i n  case the interface i s  s t a t i c a l l y  de tewinate  

i f  i n  addition the geometry of the payload i s  not changed 

(216) 

(217) 

Also, note that i f  no changse are made i n  the mas8 the right  hand eidp- of 

Eqrr. (213) and (216-219) become [O) and eimilerly,  i f  no s t i f f n e s s  changes are 

made we hzve fi-om Eq. (208) thatLTp)= [Tplland coneequently Eqs. (216-219) are 

va1.d whi le  Eq (220) becomes[$p]- [O] although the interface can s t i l l  be 

s t a t i c a l l y  indeterminate. 



Next, let us define the follwing transformation 

After substituting Xq (221)  into Eq. (210) and premultiplying by [AiT we 

obtain the aet of equations that now replaces the set  Eq. (200 )  

The next step ie to define the transformatioc 
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Tht t r a m f o r s e t i o n  (223) is now sube t i tu t ed  i n t o  Eq. (222) after which we 
p r e a u l t i p l y  by and invoke p rope r t i e s  (204-2051, y i e ld ing  

This Eq ( 2 2 4 )  replaces  Eq (206). For coavenience, le t  us  denote 

( 225 1 

F a t r i c e s  [I!] and [kj represent  Lne pertlrrbations i n  the mass and s t i f f n e s s  

matr ices  €23 andr$Jof system (206). 

be made. F i r s t ,  i t  should be noted t h a t  i t  is very poss ib l e  t h a t  c e r t a i n  

chaages in the payload w i l l  only a f f e c t  a l imi t ed  number of modes and 

fre2uencies.  

elements i n r a w i l l  not change a f t e r  the changes i n  the payload a r e  made. 

"hie reduces the s i z e  of Eq. (224). Secondly, i n  solving the  eigenvalue 

problem associated with Eq. (224) it i s  poss ib l e  t o  use a Rayleigh-Ritz 

approach with f11 ae  the  estimated a t a r t  modes. The smaller the changes i n  

the payload the b e t t e r  es t imate  a w i l l  be and the less i t e r a t i o n s  v i11  be 

necemary t o  produce the new modes and frequencies of the pertt..rted hoa8tp.r 

A t  t h i s  point ,  s eve ra l  observatione can 

This means t h a t  s eve ra l  column8 i n  [*I and corresponding 

53 



B/P.yload P1 ryrtea. 

solutio.1 t o  the perturbed eigenvalue problem with a l l  off-diagonal terms equal 

t o  zero ( t h i s  is  equivalent  t o  the  first term i n  a Taylor a a r i e s  expandon  of 

the perturbed system modes and frequent$ 
p o s s i b i l i t y  of trunca-ing mode8 i n  [?f] a:ccrding t o  the  i n i t i a l l y  def ined 

cut-off frequencv. Yf t h i s  VIS pors ib l e  Eq. ( 2 2 4 )  could be reduced i n  s i t e  by 

approximately SO% compar~~d t o  the already reduced sycrtem Eq. (200). 

reduct ion would be i.1 acidition t o  the one due t o  unaffected modes as mentioned 

above. Bawrver, t h i J  qrleetion must s t i l l  be c a r e f u l l y  invest igated.  F ina l ly ,  

it is a l s o  poss ib l e  t h a t  the modes are grouped i n  eubsete which show very 

l i t t l e  or no coupling between each other.  This means t h a t  t h e  eigen-ialue 

problem a r soc ia t ed  with Eq. ( 2 2 4 )  can be replaced by two or more smaller 

eiRenvalue problem. which of caurre reduces the corngutation time. 

An even b e t t e r  i t a r t i n g ' r o t  of modee could be t h e  

Thirdly,  ve v ieh  t o  i n v e s t i g a t e  the 

This  

There are a d d i t i a i a l  advsnt*gze t o  t h i s  method: s i m p l i c i t y  of use ;  

accuracy of r e e u l t s  (1e.g. t h i s  method could even be used a8 a f u l l - s c a l e  

method); p o s i i b i l i t y  of using engineering judgement and experience; the 

p o s s i b i l i t y  t o  i d e n t i f y  changes required t o  meet c e r t a i n  frequency 

requirrm!ents; the p c s s i b i l i t y  t o  change branch frequencies to  decouple the 

load problem leading t o  smaller e igenva l t e  problems, t he  p o t e n t i a l  f o r  

s i g n i f i c a n t  computational time savings. 

Note t h a t  i t  is a l s o  poss ib l e  to so lve  eigenvalue problem Eq. (202) 
f o r  t he  perturbed system, using t h e  coupled mudes of t h e  unperturbed s y s t e m  

a8 a first guess irr a Rayleigh-Ritz type so lu t ion .  

Finally, we w i l l  i n v e s t i g a t e  the poesible  combination of t h i s  technique 

with the  Base Motlor. Approach. 

5 .  CONCLUSION 

The purpose of t h i s  repor: is t o  de f ine  e x i s t i n g  methodologies, eva lua te  

t h e i r  e f f ec t iveness  In analyzing dynamically coupled structcral  s y s t e m t  ar.3 
t o  de f ine  an approach where a "short-cur" methodology may be derived i n  Study 

Task I:. This  goal was definad wi th in  our proposal: 
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"Our approach t o  v a l i d a t i o n  of e x i s t i q  "ahort-cut" methodolcgiea w i l l  

ba to  d iuac t  t he  accepted e t s t e  of t he  a r t  mathematical decc r ip t ion  of 

a coupled payloadlbooster s y s t e m  t o  i d e n t i f y  ti-, var ious  i n t e r a c t i v e  

torces that arise as a r e s u l t  of t h a t  coupli?* The merits o i  each 

mechodology w i l l  be judged upon t h e  degree tn  which they represent  these  

i n t e r a c t i o n s  and i n  r e l a t i o n  t c 7  the  costs  ( i n  e lapsed  t i m e  and computer 

d o l l a r s )  requi red  by t h e  method". 

The ?revLou9 chapters  have def i n l t i z e d  the  problem by reviewing f u l l  

scale methodologles (Chapter I ) ,  assessment 0;  stre. igths and weaknesses of 

def ined llshort-c'utl'methods (Chapter 11) and our  proposed approaches t o  de f ine  

an accura te  and useable  *'shurt-cut" methodology. 

fhe following c r i t i c a l  comnents r e f l e c t  dctui1c.d evt i luat ions of tlw 

reviewed techniques.  I t  should be noted only  sensory ma thmat i ca l  s t u d i c s  

were contpleted on these methods. During evalua t ion  of der ived techniques.  

Study Task 111, t h s e  methods w i l l  be reassessed w i t h  respec t  t o  the t ~ e * ~ l y  

derived tt?chni,ue::. 

The d r i v i n g  p r inc ipa l  of t b  3 technique is t h a t  small thengas i n  the  

m s s  and e t i f f n e s s  r e s u l t s  i n  small changes i n  t h e  modal c h a r a c t e r i s t i c s .  

However, t h i s  is not  o s u f c f c i e n t  mathematical premise t o  a s su re  small 

chan&c3 i n  th -  respons?.  This  method h o w 6  some promise and w i l l  be 

tncludcd w l t n i n  rho mc*t.h\idology development of Study Task 11. 

Analy t ica l ly  the  Base Drive Technique assumes no c w p l i n g  kctween t h e  

payload A i l d  launch vehic le .  The p r inc ipa l  Thort com4np of t h i s  method is 

a lack of sEequate d e f i n i t i o n  thAt rbis " s t r u c t u r a l  feedback" i s  na2 l ig ib l e .  

The development of t h i s  c r i t e r i a  is planned i n  Study Task 11. 

_ _  Impedance Tec h:\igue 

Thls  techniqtie is similar t o  IL baae d r i v e  mctliad with the  urrknown 

r riteris involving f rcquencv t t enuformt ions .  T!iit? tcirlinlquc wi I 1  ut' c.lwcki!tl 
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ou t  through a p p l i c a t i o n  t o  a pe r tu rba t ton  technique i n  Study Task 111, but  

sill not be s e r i o u s l y  considered during Study Task X I .  

Generalized Shock Spectrum Technique 

The assumption t h a t  t h e  total response for a s i n g l e  coupled mode Lan 

be r e l a t e d  by coupling a s i n g l e  payload mode with an a s s o c i a t e  booster  mode 

is queetionabie.  Although the  app l i ed  fo rces  are repli ictd by modal d e l t a  

functione,  L t  i o  not clear to the uu2iror t ha t  t l i l n  wuulcl m H u r c  cwHcrvtit1vc- 

ness. I n  f a c t ,  our opinion is t h a t  t hese  model changes could r e s u l t  i n  

e i t h e r  3 too conservat ive o r  unconsena t ive  design. The a p p l i c a t i o n  of a 

general ized fo rce  even though based on h i s t o r i c a l  d a t a  is d'.f:l-ult t o  a s s u r e  

proper conservativeness.  

dependence of t h e  f o r c e  but  what d i r e c t  inf luence this has on t h e  

dynamic response is unanswered. Additionally,  due t u  the numerous mathe- 

matical assumptions, more r i g o r  i n  the mathematical formulation i s  required.  

The general ized shock spectrum technique could be u s e f u l  Ir. Aituat ions where 

weight c o n s i d e r a t i m s  are not c r u c i a l  (e.g., s t a t i c  bu i ld ings  i n  an ear th-  

quake ana lys i s )  o r  dynamic s i t u a t i o n s ,  a:, a f i r s t  approximation i n  conjunc- 

t i o n  wi th  a more soph i s t i ca t ed  nethod. i? -: technique w i l l  be reassessed 

during Study Task 111, but w i l l  not  be s e r i o u s l y  considered during Stridy 

Task 11. 

U t i l i z i n g  these  f o r c e s  may eliminate frequency 

Planned Ac t iv i ty  

The d e t a i l e d  study p l an  has been revised and r s  included as Figure 3. 
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